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 Work of previous researchers has suggested that room temperature age 
strengthening in gray cast irons improves machinability.  Verification and quantification 
of the machinability improvement is important to industry.  Improved machinability will 
reduce overall manufacturing costs and reduce raw material consumption by decreasing 
the rate at which tools are replaced. 
 Experimental work was performed to determine a connection between improved 
machinability in gray cast iron and changes in machining mechanics.  An industrial tool 
wear study verified that age strengthening improved machinability by reducing tool wear 
to less than one-quarter of the unaged value.  Laboratory tests on iron castings from the 
same foundry determined that tool forces decreased with age strengthening.  Additional 
tool force experiments were performed on castings produced in the Missouri S&T 
laboratory of varying carbon equivalent and microstructure.  Results showed that casting 
microstructure played a key role in determining how age strengthening affects 
machinability and that the equilibrium precipitate content did not solely dictate 
magnitudes of hardness increases or tool force decreases after age strengthening. 
 Machining work with industrial castings resulted in cases in which gray iron 
decreased in machinability after age strengthening, a situation that was previously only 
anecdotally reported.  The determination was made that irons containing greater than one 
percent free ferrite increase in machinability after age strengthening. 
 Research concluded that gray iron age strengthening improved machinability by 
lowering fracture toughness which decreases tool-chip contact time thereby reducing tool 
temperature and tool wear. 
 iv 
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1. INTRODUCTION 
1.1. PURPOSE OF RESEARCH 
 The objective of this research is to develop a better understanding of how age 
strengthening at room temperature affects the machinability of gray cast iron.  This will 
require detecting and quantifying changes, due to age strengthening, in the mechanics of 
machining, including tool wear, tool forces and chip formation characteristics.  Changes 
in the machining characteristics from age strengthening will be correlated with changes in 
the physical and mechanical properties such as hardness, tensile strength, impact energy, 
microhardness and impact strength.  In addition, the effects of precipitation during age 
strengthening on the microstructure will be studied to gain a better understanding of the 
metallurgical changes that occur during age strengthening and their effects on the 
mechanical properties and machinability. 
 
1.2. LITERATURE REVIEW 
 Age strengthening terminology needs to be discussed for the purposes of this 
dissertation.  A casting that is aged has gone through a process of aging and its 
mechanical properties and machinability may remain unchanged.  A casting that is age 
strengthened possesses properties that changed by the event of age strengthening.  Age 
strengthening is the result of a metallurgical phenomenon that can be studied and will 
require aging and additional factors to be satisfied.  Age strengthening can occur 
naturally at room temperature or artificially at temperatures above room temperature.  
Unless specifically stated, all age strengthening for this dissertation was conducted at 
room temperature. 
1.2.1. Machinability Definition and Quantification.  Machinability is 
defined as the ease with which a material can be machined into satisfactory parts.1,2  In 
practice, machinability is a complex property with no universally accepted method of 
quantification or measurement.  Machinability has commonly been quantified by tool life 
or wear, machined surface finish, tool forces, characteristics of chips, power consumption 
during machining, metal removal rate, cost per part, or a combination of these 
measurements.  The International Standards Organization attempted to standardize 
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quantification of machinability through tool wear measurements at varied cutting speeds; 
however, the standard (ISO 3685-1993) has failed to gain universal acceptance.3  The 
American Foundry Society has established a standardized casting for tool life testing in 
an effort to make more comparable machinability results.4 
1.2.2. Chip Formation.  When a material is machined, the portions of the 
workpiece removed are referred to as chips.  The most referenced publication on the 
nature of chip formation is by Hans Ernst.5  His chip formation model has become the 
basis for much chip formation and morphology research and can be found in most 
textbooks that describe metal machining.  The three basic chip types identified by Ernst 
are illustrated in Figure 1.1.  The chips were determined to begin forming and complete 
most of their formation in an area called the shear zone.  The shear zone is narrow 
enough that it is commonly approximated as a plane, denoted the shear plane, which is at 
an angle to the workpiece called the shear angle.  A schematic of the shear zone, shear 
plane, and shear angle is shown in Figure 1.2.  An increase in shear angle will lower 
forces acting on the tool, thereby decreasing temperature at the tool/chip interface and 





Figure 1.1. Three basic chip types (1) discontinuous (2) continuous (3) continuous with 









Figure 1.2. Shear zones and shear plane in continuous chip formation. 
 
 
 These three types of chip formation are not comprehensive descriptions, but 
sufficient to describe chips from most metals that are not of particularly low thermal 
conductivity, such as many stainless steels.7,8  Segmented chips tend to form at high 
speeds because the drop in yield strength due to heating is greater than the yield increase 
due to strain hardening.8  Continuous chip formation can approximate a steady-state 
process.  However, discontinuous chip formation never approaches steady-state.7  
Continuous chip formation with build-up also never approaches steady state because the 
build-up is often erratic and breaks off randomly.  The chip formation model of Ernst was 
expanded by M. E. Merchant into a two-dimensional model for metal cutting, called the 
orthogonal cutting model.9-11  The orthogonal cutting model assumes the formation of 
continuous chips.  Gray iron machining generally results in highly fractured, non-
continuous chips that form in a three-dimensional manner; therefore the orthogonal 
cutting model is not directly applicable to gray iron machining.  Cast irons chips have 
often been classified as discontinuous.  An excellent example of type 1 chips forming 
from gray iron is given by Cook et al.12  In their work Cook et al. found that chips of 
ferritic gray iron possessed cracks in the direction of maximum shear stress which 
indicated plastic fracture.  Discussion was provided suggesting chips of gray iron could 
form with elastic, tensile fracture ahead of the tool tip.  This type of chip formation was 
not described by the work of Ernst.  An example of such chips was presented by 
Marwanga, in his PhD work.  He determined that chips formed from gray iron with >99% 
pearlite do not exactly fit the models of Ernst or Merchant.13  Instead of forming a plastic 
deformation region ahead of tools in the three standard chip types, gray irons with either 
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A or D graphite were shown to fracture ahead of the tool (See Figure 1.3).  Other graphite 




Figure 1.3. Machining affected zone described by Marwanga contained four regions A) 
shattered zone  B) fracture zone  C) decohesion zone and D) unaltered material.14 
 
 
 Marwanga video recorded chip formation on polished and etched plates during 
the machining process of shaping at 2 in/min.  For comparison of chip formation under 
industrial machining parameters, a quick-stop-device was used on a lathe when 
machining bars of gray iron.  In both shaping and turning experiments, Marwanga reports 
there was “very little” plastic deformation at the root of chips.  When the same 
experiments were performed on leaded, free-machining steel, video showed significant 
material flow and plasticity ahead of the tool rather than the fracture observed when 
machining the highly pearlitic gray iron.  Marwanga concluded that localized shear 
initiated fracture in the steel, whereas in gray iron elastic strain until fracture originated at 
graphite flakes.  In both gray and ductile irons studied by Marwanga, the chip lengths 
decreased as spindle speed increased.  This decrease could be because the added speed 
increased the strain rate which in turn decreased ductility. 
 Consideration was given to the possibility of adiabatic shear banding in gray iron 
chips.  In chip formation, adiabatic shearing is brought on by sudden decreases of 
material flow stress caused by near adiabatic conversion of mechanical work into heat.15  
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In a review of the literature, Rogers found that a few characteristics of adiabatic shear 
bands in steel are consistent.16  Characteristics include the bands etch white, have a fine 
grain size measured in tenths of micrometers, and have a relatively high hardness.  He 
made no mention of adiabatic shear observations in cast irons.  Adiabatic shear and the 
accompanying untempered martensite and retained austenite in the shear bands are not 
observed in continuous chips when machining steel.17  Matsumoto et al. found that when 
facing AISI 4340, the transition from continuous chips to segmented chips was caused by 
microscopically visible adiabatic shear band formation.18  The segmented chips and shear 
bands did not appear unless the steel hardness was greater than RC 50 when machining at 
91.4 m/min.  The difference in conditions (continuous chips, RC>50) required for the 
appearance of adiabatic shearing in steel and the conditions of machining gray cast iron 
make it unlikely that gray iron chips have any adiabatic shear bands.  Additionally, Recht 
determined, by literature review, that during machining of mild steel, adiabatic shearing 
does not appear until the speed reaches 1300 sfpm; therefore, at speeds significantly 
lower than this adiabatic shearing would not be expected in mild steel or cast iron.19   
1.2.3. Tool Wear.  Life of the tools used for machining plays a dominate role in 
machining cost.  For this reason most handbooks provide machinability values in terms of 
tool life.20  The standard practice for determining the life of the tools is to measure the 
progression of tool wear under specified conditions.  Tool life is typically defined as the 
time to reach a pre-determined value of tool wear.  The costs associated with tool wear 
and its importance to industry necessitates an understanding of tool wear types and 
causes. 
1.2.3.1 Tool wear types.  There are a variety of tool wear classifications. Of 
those types, only three need to be introduced to provide the necessary background for this 
dissertation: crater wear, flank wear and build-up formation.  Figure 1.4 presents the 











Figure 1.4. Tip of tool with flank wear, crater wear, and build-up illustrated. 
 
 
 Flank wear is considered to be the most common type of tool wear.  Cratering of 
the tool face occurs in an area away from where the tool face meets the flank.  High 
temperature and pressure present on the tool face during machining can cause welding of 
the work material to the tool.  When this welding occurs it is called built-up edge, or 
simply, build-up.  The causes of these wear types are combinations of abrasion, diffusion, 
and adhesion. 
1.2.3.2 Tool wear causes.  Wear mechanisms of abrasion, work material 
 adhesion, attrition, tool fatigue, binder diffusion, coating delamination, and 
tribochemical wear can all contribute to tool wear.21-24 
 Abrasion predominately results in flank wear because of the movement across the 
tool of hard particles in the work material.  High pressure applied by the machining on 
these particles can carry away small portions of the tool with the chips.    When cutting 
cast irons with tungsten-carbide tools, abrasive wear is possible from carbides and mold 
sand.  However, because tungsten-carbide is harder than either of these particles, the 
abrasive component to wear is expected to be small.25 
 The temperatures and pressures on the tool flank and face during machining are 
large enough that atomic diffusion can take place between the work material and tool.  
Diffusion alone may not be enough to change the shape of tools but can lead to a loss of 
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hardness and strength, which increases the susceptibility of tools to abrasion.  Diffusion 
and the abrasion that can follow are often associated with crater wear formation in cubic-
boron-nitride (CBN) tools.  Huang and Dawson found that when using CBN tools to 
machine AISI 52100, wear from diffusion was negligible and contributed to less than 1% 
of the total wear.21  Narutaki et al. used experiments in a pressure-controlled furnace to 
investigate diffusion between CBN tools and S55C plain carbon steel (Japanese, 0.55C) 
and determined that the conditions experienced during turning of steel samples were not 
severe enough for significant diffusion.26  Diffusion is also believed to cause crater wear 
in tungsten-carbide cermet tools with cobalt binders (WC-Co) and occurs when 
temperatures at the tool face range from 850-1200°C.27  Diffusion can also contribute to 
flank wear of WC-Co tools when machining plain carbon steel at speeds greater than 85.3 
m/min (280 ft/min).28  Coatings of titanium-carbide, titanium-nitride, or alumina provide 
significant resistance to diffusion wear in WC-Co tooling.29 
 A specific study of tool coating wear was performed by Cho and Komvopoulos.24  
They found that the wear of individual or combinations of TiN, TiC, and Al2O3 layers on 
ISO TNMG 160408-B tools was mainly the result of delamination of the coatings caused 
by thermo-mechanical loading.  The delamination involves growth and linkage of 
surface, subsurface, and interfacial cracks on the tool face, and interfacial cracks on the 
flank and nose.  Cracks on multi-layer tools were observed to often initiate cracks on the 
layer beneath it. 
 High temperature and pressure on the tool face sometimes create conditions 
favorable for welding of work material to the tool.  Once this welding occurs the adhered 
material on the tool is known as build-up.  Adhesion of work material to the tool is solely 
responsible for the observances of build-up, although break-off of the build-up can 
contribute to other tool wear types and poor surface finish. 
 Other instances have been found where two or more wear mechanisms have 
contributed to a single wear phenomenon.  Sikdar and Chen reported that, when turning 
AISI 4340 with TiN/TiC/Al2O3 coated carbide tools, the prevailing wear mechanisms 
were abrasion and adhesion, which worked together to generate flank wear.  
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1.2.4. Tool Forces During Turning.  Forces acting on the tool during cutting 
have been applied in the study of machinability and in tool condition monitoring.  Tool 
force data for oblique cutting is collected along three axis directions, each at 90 degrees 
to the others.  Figure 1.5 provides a diagram relating force data collection axes to the 
machining operation.  The normal force (Fn) is the response to chip formation and 
removal.  The feed force (Ff) is the response to the tool moving into the workpiece in the 
feed direction.  The third component, the passive force (Fp), is dominated by the response 
of the tool flank rubbing against the workpiece and sometimes chips pressing against 




Figure 1.5. Forces acting on the tool during an oblique turning operation.  Normal force 
(Fn) has sometimes been referred to as cutting force or tangential force.  Passive force 
(Fp) has sometimes been referred to as radial force. 
 
 
 In ferrous materials, a linear or near linear increase in cutting force is observed as 
a function of increasing depths of cut or feedrates.30    Forces are least affected by 
changes in cutting speed and any speed changes can increase, decrease, or have no effect 
on tool forces.30,31  While performing turning experiments on steel, Chao and Trigger 
observed that with progressive increases in cutting speed, the normal and feed forces 
initially increased, then decreased, and eventually started increasing again.32  For many 
steel alloys, tool forces increase with increasing hardness.  However, there are exceptions 
to this trend.  Results from de Lima et al. for turning of AISI 4340 steel show that over a 
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hardness range of about twenty-two to thirty-five Rockwell C (250 to 345 HV), cutting 
forces decrease with increasing hardness.30  The authors claimed that the decrease 
evolves from a balance between the higher strength requiring more energy to shear 
material into chips and increased brittleness of the material providing a higher chip 
removal rate.  Increasing the chip removal rate will reduce the chip-tool contact area and 
diminish cutting forces.  Luo et al. reported that, for dry turning of AISI 4340 with 
various hardness values, flank wear on Al2O3 and CBN tools decreased with increasing 
hardness between Rc 40–50.33  Decreasing tool wear with increasing hardness was 
accompanied by decreases in normal forces.  The decreases in flank wear and normal 
forces were attributed to reduced fracture energy of the work material in the specific 
hardness range.  Matsumoto et al. observed decreases in the three tool force components 
as hardness of AISI 4340 increased while in the range of 30-50 Rc (287-540 HV30).  
When machining samples of a hardness greater than 50 Rc, forces increased as hardness 
increased.  The authors attributed the change in force behavior to the links between 
brittleness, heat generation, and workpiece softening.  Increasing hardness was said to 
cause increased tool/chip interface temperature which in turn softened the material just 
ahead of the tool and lead to reduced chip/tool contact time and forces.  Once the steel 
reached a critical brittleness, the heat generated at the tool/chip contact surface was not 
enough to significantly soften the workpiece.  The decreased temperature was then said to 
allow for a higher shear force on the rake face.  
 Observations by various researchers about connections between tool forces and 
tool wear open possibilities for qualitative or quantitative tool wear estimation in gray 
cast iron.  Sikdar and Chen provide correlations between tool force and flank wear when 
machining AISI 4340 with coated (TiCN, TiC, Al2O3) carbide tools.  They reported the 
magnitude of all cutting forces increased with increasing flank wear.  By analyzing the 
published tool force data, it was found that a ratio of passive force to feed force 
consistently increased as flank wear area became larger.  The ratio of passive force to 
normal force consistently increased in two of the three combinations of machining 
parameters used. 
 Some research suggests that force ratios, such as the ratio of the passive force to 
the normal force, are good indicators of tool wear.34-36  Smithey et al. observed in both 
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4130 steel and 80-55-06 ductile iron that the larger the ratio of the passive force to the 
normal force, the greater the tool wear.35  The rate of passive force increase as a function 
of tool wear was not constant, but the rate was constant for the normal force.  Lee et al. 
applied a neural network and ANOVA statistics to determine that various ratios of forces 
were better indicators of tool wear than any of the three cutting forces alone.36 
1.2.5. Energy Use and Distribution During Turning.  Most electrical energy 
 is converted to mechanical work in the machining process.  Efficiencies are associated 
with movement and energy conversions at the spindle and carriage motors.  Typically 
97% or more of the energy consumed during turning ends up as heat and is dominated by 
the three sources summarized in Figure 1.6.37-39   The largest heat source is the primary 
shear and deformation zone.  The second largest source of heat generation is the region of 
secondary shear and friction between tool and chip.  The smallest of the heat generation 
sources is friction between the tool and machined workpiece surface.  If energy input 
required to accomplish shear deformation is reduced then heat generated in this region 
can also be reduced.  A typical distribution of heat is provided in Figure 1.7. 
 
 
Secondary shear zone: 30% of heat generation
Tool
Primary shear zone: 60% of heat generation
Tool / surface friction: 10% of heat generation
 
Figure 1.6. Heat generation sources in chip formation.  Region A is primary shear, region 




























Figure 1.7. Typical distribution of heat as a function of cutting speed.41  Data from 
turning SAE B1113 free-machining steel with carbide tools. 
 
 
 The temperatures of the tool, tool/chip interface, and the workpiece are 
considered to be important factors in tool wear.  Work has been done by many 
researchers to understand the distribution of heat in and near tools.  Figure 1.8 shows a 
calculated tool temperature profile for the machining of low carbon steel.  It is important 
to realize that the temperatures are lower during machining of gray cast iron because the 








Figure 1.8. Tool / chip interface temperature profile from machining low carbon steel at 
400 ft/min for thirty seconds.42 
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 The force and energy analysis approaches that are applicable in turning allow for 
estimation of the power required to perform the material removal.  This estimation is 
performed by use of equation 1:  
 
VFP n=
     (1) 
 
where P is power at the spindle, Fn is tool normal force, and V is linear cutting speed.43,44  
Note that because of efficiencies, power at the spindle is less than the electrical power 
input to the spindle motor.  To determine the power input to the spindle motor, the power 
at the spindle needs only to be divided by the efficiency of the motor.43,44 
 Also of interest is the rate at which metal can be machined away from the 
workpiece by the tool under selected conditions.  The metal removal rate (M) can be 
calculated using equation 2:  
 
VfdM =      (2) 
 
where V is the cutting speed in distance per time, f is the distance covered in the feed 
direction after one revolution of the spindle, and d is the depth of cut.45 
1.2.6. Skin Effects.  Starting with some of the earliest cast iron microstructure 
evaluations it was discovered that the surface region termed the “casting skin” has a 
different microstructure than the bulk material, or body, of castings.  The casting skin 
region has no universally accepted definition.  In gray iron, the casting skin region will 
often have a variety of type D/E graphite structures instead of the type A structure and 
can contain free ferrite, pearlite, and carbides.  Of particular concern is a predominately 
ferritic layer with highly undercooled graphite, which is short in length relative to type A.  
These layers are attributed to short distances for matrix carbon to diffuse to graphite 
flakes, which in turn promotes austenite transformation to the stable ferrite (alpha-iron) 
phase as opposed to the metastable pearlite phase.46  An example of a skin layer with free 
ferrite and highly undercooled graphite can be seen in Figure 1.9.  The effects of the skin 
layer on tool forces and tool wear needs to be understood because machining operations 
must remove this region before machining the body of the casting.  Variables that 
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typically affect gray iron casting skin, such as pouring temperature, inoculation 




                                             0.015”                                 0.030”                           0.045” 
Figure 1.9. The skin region of a class 40 gray cast iron after etching with 2% nital.  The 
white area is ferrite, the gray is pearlite, and the black is graphite.14  The graphite flakes 
become longer on average as the distance from the outermost surface increases.  Within 
the first 0.015” all graphite exists as types D/E and most of the iron is ferrite.  Between 
0.03” and 0.045” a few large carbides can be found and some graphite takes on type A 
form, although smaller than typical. 
 
 
 Within the casting skin region, the presence of foreign particles and geometrical 
inconsistencies (e.g. flatness) can also affect machinability.  Entrapped sand in the 
surface region is the most common problem and results in poor machinability.  Sand in 
the casting skin can be analogous to rubbing the tool insert with sandpaper during the 
machining process.  In a paper by Voigt et al., the authors provide a compelling 
discussion for how serious flatness variations can be for tool life.49  For instance, with a 
0.06-inch depth of cut, a change in flatness resulting in an average 0.01 inch depth of cut 
variation can decrease tool life by 20% or increase it by almost 30%. 
 The effect of free ferrite skin layers on gray cast iron machinability was studied in 
detail by Peach and various coauthors.14  Research showed that the combined effects of 
free ferrite, graphite morphology, and surface geometry significantly changed the 
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machinability of the skin.  Cutting forces and specific cutting energy more than doubled 
in machining the skin when compared to machining the body of castings.  Through 
surface profiling of the tools used for machining, it was determined that free ferrite in the 
skin also promoted build-up on tool faces.  These effects of gray cast iron skin layers on 
machinability should be considered when analyzing results of gray cast iron 
machinability studies.  Age strengthening may interact differently with the casting skin 
than with the body of the casting because of the differences in free ferrite and resulting 
differences in deformation behavior. 
1.2.7. Nitride Precipitation in Gray Cast Iron and Iron-Nitrogen Alloys.  In 
the subsections under Section 1.2.7 the details of the age strengthening phenomena in 
gray cast iron will be pieced together.  Sections 1.2.7.1 and 1.2.7.2 will discuss the 
physical manifestations of age strengthening.  Section 1.2.7.3 will explore several options 
for the precipitate species that could cause the physical manifestations and narrow the 
choices down a nitride.  In Section 1.2.7.4 and its subsections the details of the iron-
nitrides will be described, culminating in the description of the precipitation process. 
1.2.7.1 Age strengthening affects on mechanical properties.  The first 
published research to suggest the existence of age strengthening in cast iron was work 
done in malleable iron by Kempka in 1955.50  In this study, annealed malleable iron 
demonstrated age strengthening behavior somewhat comparable to that of low-carbon 
steels.  In 1963, Ebner introduced the idea of age strengthening in gray cast iron (GCI) in 
Germany.51  Ebner provided no scientific explanation for his observations.  Publications 
in 195652 and 196953 also addressed age strengthening in malleable iron.  In 1970, 
Novichkov published a study of age strengthening in GCI.54  Nothing further was 
published on the subject until interest was rekindled by Nicola and Richards.55  In the 
resulting studies, samples of GCI were age strengthened and the average ultimate tensile 
strength (UTS) increased by 3.3 to 13% with a corresponding hardness increase of up to 
23 Brinell.  These increases are believed to be the metallurgical result of nitride 
precipitates impeding dislocation motion.  Whether dislocations cut through or loop the 
precipitates is not known.  Age strengthening has been observed in cupola melted class 
30, 35, and 40 gray irons and in class 30, 35, 40, and 45 induction furnace melted gray 
irons.55-57  This is not to imply that these classes of GCI are the only ones that age 
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strengthen, but rather that they are the only classes with statistically significant results to 
date.  Delaying casting shakeout has been shown to decrease the base iron UTS but it 
does not decrease the strength gained from age strengthening.57  The behavior of GCI’s 
strength and hardness during age strengthening are illustrated in Figures 1.10 and 1.11, 
respectively.  Regardless of age strengthening, nitrogen increases the UTS and hardness 
of the iron because nitrogen acts to reduce flake length and round the tips of the flakes, an 




Figure 1.10. Example of the time-dependent behavior of UTS in age strengthening gray 





Figure 1.11. Example of Brinell hardness behavior in age strengthening GCI.60 Samples 
are the same as in Figure 1.10. 
 
 
1.2.7.2 Age strengthening affect on machinability.  Edington et al. published 
the first research showing that age strengthening can improve machinability in GCI.61  
This research showed that tilt-rate (deviation of flange perpendicularity to hub), surface 
finish deterioration rate, and machine power consumption all decreased with age 
strengthening, while tool life increased (see Figure 1.12).  Kountanya and Boppana 
observed similar behavior for tool life improvement with age strengthening.62  Their 
results, provided in Figure 1.13, showed a decrease in tool wear rate with age 
strengthening that followed a sigmoidal behavior. 
 An improvement in machinability accompanied by an increase in hardness from 
age strengthening may be unexpected in cast iron.64  However, it should be noted that in 
age strengthened aluminum alloys, increased hardness can improve machinability.65 
 Determining how machinability changes with age strengthening of cast iron is of 
practical importance to the iron casting industry so that attempts to optimize 




Figure 1.12. Tool life data showing dramatic improvements in the time that the tool was 
considered to be usable for machining.63  Tools were Kennametal KY3500 silicon-nitride 
inserts.  It is noteworthy that the improvements in tool life appear to follow the same 





































Figure 1.13. Decrease in tool wear rate observed when machining GCI disk-type 
castings.62 
 18 
1.2.7.3 Consideration of precipitate species.  In the first study by Nicola and 
Richards, age strengthening appeared to be related to the nitrogen content of the irons 
studied.55  Nitrogen is now known to be required to produce age strengthening behavior, 
and is believed to be consumed as part of precipitate formation.53-57,61,66,67  Numerous 
findings support iron-nitride precipitates as the cause of age strengthening. 
 Formation of a nitrogen containing precipitate is possible by a diffusion 
controlled process because nitrogen has a large diffusivity in iron-based alloys at room 
temperature.68  Iron nitride species, such as Fe4N (also: γ’) and Fe16N2 (also: α’’), are 
known to precipitate in some ferrous alloys at room temperature.69-79  The magnitude of 
average UTS increase from age strengthening shows a good linear fit as a function of 
predicted equilibrium weight percent Fe4N.66  Further support for the effects of Fe4N was 
found by Richards et al. by apparent dissolving of the nitrides by heat treatment which 
allowed nitrogen to be reintegrated into solid solution.  A heat treatment at 577°C 
(1070.6°F) for ten minutes succeeded in removing the strengthening effect of age 
strengthening.60  This temperature is below the iron-carbon eutectoid but above the iron-
nitrogen eutectoid for Fe4N.  The heat-treated iron was tested immediately after 
resolutionizing and again after aging at room temperature for thirty days.  A strength gain 
of similar magnitude as the first age strengthening returned after resolutionizing and re-
aging.  The ability of gray iron to display overaging as demonstrated in Figure 1.14, also 
suggests a precipitate for the age strengthening mechanism because overaging is 
associated with the growth of some precipitates at the expense of others.  A fewer number 
density of large precipitates in known to allow increase dislocation mobility in the metal, 





Figure 1.14. Curve from accelerated age strengthening at 285ºC (545°F).67  There is a 
peak tensile strength at about five hours, followed by loss of strength from overaging.  
Error bars are plus/minus one standard deviation in length. 
 
 
 Differential scanning calorimetry (DSC) results in Figure 1.15 from iron which 
age strengthened indicate metastable Fe16N2 nitride transforming to the stable Fe4N 
nitride at ~250°C (482°F).60 The DSC results agree with observations by Enrietto of the 





Figure 1.15. Differential scanning calorimetry showed two exothermic peaks, one of 
which may represent the formation of the precipitate, Fe4N (γ’), presumed to cause age 
strengthening.60  The large exothermic peak is the austenite eutectoid transformation. 
 
 
 Further work examined the effects of titanium, aluminum, and boron additions on 
age strengthening in gray cast irons.82  These elements were selected because of their 
known tendency to form nitrides.  A multivariable regression correlation led to the 
conclusion that titanium decreased the mechanical property gains from age strengthening 
by tying up nitrogen as titanium-nitrides.  Further analysis suggested that aluminum and 
boron both reduced age strengthening, as would be indicated by the thermal stability of 
their nitrides, but the coexistence of the nitride formers in the tested samples affected the 
correlation and therefore confidence levels were not reported.  A study published in 2008 
by Anish et al. further examined the effects of titanium and nitrogen on age strengthening 
without interactions of other nitride forming elements.66  The study found that additions 
of titanium could prevent age strengthening, which was confirmed by thermodynamic 
modeling of nitrogen solubility.  Thermodynamic calculations and scanning electron 
microscope (SEM) observations determined that titanium prevented age strengthening by 
tying up nitrogen as titanium nitrides.  Wada and Pehlke determined that chromium 
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increased the solubility of nitrogen in ductile iron without forming a nitride.83  Other 
work by Wada, Pehlke, and various co-authors reviewed and/or experimentally 
determined that chromium increased the solubility of nitrogen in both liquid and solid 
cast irons.83-86  This increase may or may not have an effect on age strengthening.  In 
practice, nitrogen does not usually reach the solubility limit in cast iron because nitrogen 
content is controlled by charge materials and nitrogen porosity is not observed in quality 
castings, as it would if solubility had been reached.  However, with an increase in the 
solid solubility limit of nitrogen, decreases in the effects of age strengthening on 
properties could be observed by reducing nitrogen supersaturation of the ferrite near 
room temperature.  No study on chromium interaction with age strengthening has been 
conducted in cast irons. 
 One mechanism briefly considered to explain the age strengthening behavior in 
cast iron was titanium-nitrogen substitutional-interstitial clusters interfering with 
dislocation motion, similar to those observed in steel.87  However, this mechanism is not 
viable based on research which has shown that titanium additions reduce age 
strengthening or eliminate it altogether, if sufficient titanium is present relative to 
nitrogen to form titanium nitrides. 
 Aging tensile bars in an unmachined condition, or aging after machining, has been 
determined not to affect the magnitude or rate of strength increase.55  This finding is 
significant because it rules out a link between hydrogen and age strengthening.  
Hydrogen diffusivity is so high at room temperature that if age strengthening were caused 
by diffusion of hydrogen out of the bars, then machining bars before age strengthening 
would increase the rate of age strengthening.  This higher rate would be because 
machined bars have about a one-third smaller diameter than the unmachined bars, and 
thus a significantly shorter diffusion distance for the escape of hydrogen.  A hydrogen 
effect is considered further in the discussion with paper reviewers included in research by 
Nicola and Richards.57 
 In the discussion section of their first paper, Nicola and Richards indicated that, 
although copper was used to stabilize pearlite, the age strengthening could not be from an 
ε-copper precipitate like those possible in 17-4PH steel because GCI age strengthening 
can occur at room temperature.55  Copper-rich epsilon precipitates require several 
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hundred degrees Celsius to grow, since they rely on mobility of substitutional atoms 
whose room temperature diffusivity is low. 
1.2.7.4 Kinetics, thermodynamics, and crystallography of nitride-induced age 
strengthening in gray cast iron.  In the preceding portions of Section 1.2.7 the 
determination was made that the precipitates responsible for age strengthening in gray 
cast iron are iron-nitrides.  In the following sections of the literature review the iron-
nitrides will be characterized and a precipitation process model presented. 
1.2.7.4.1 Discussion of observations in gray cast iron and other ferrous alloys.   
Artificial aging research has been conducted to study GCI age strengthening kinetics.57,67  
The studies have shown that GCI age strengthening follows standard sigmoidal Johnson-
Mehl-Avrami precipitation behavior observed in many metallurgical systems.60  Figure 
1.10 shows an example of this behavior.  Age strengthening slows when performed 
below room temperature and elevated temperatures accelerate age strengthening.  
Artificial age strengthening at 182ºC (360°F) is comparable to times for iron-nitride 
precipitation observed in steel by Wert at 250ºC (482°F).88  In the iron age strengthening 
studies, a small decrease in UTS and hardness occurred a few hours prior to the onset of 
age strengthening at room temperature and at 100ºC (212°F).67  In addition to the strength 
decrease, researchers noted that the time required before age strengthening started 
increased as the manganese content of the iron increased.  A possible explanation for this 
observation is the occurrence of interaction solid solution strengthening such as that 
found in steel, as discussed in Leslie’s text68 and by Enrietto.73  These Mn-N interaction 
regions are not a separate phase.  One hypothesis based on internal friction measurements 
suggested that manganese and nitrogen form a previously unidentified nitride89; however, 
no observation of this has been reported.  Instead, it is suggested that manganese lowers 
the lattice free energy in the ferrite around it, creating preferred interstitial sites for 
nitrogen.  This has been observed to delay the nucleation rate of the nitrides responsible 
for age strengthening in steel73 and possibly in cast irons.53,82  The Mn-N interaction 
regions are known to inhibit dislocation motion which can be observed as strength 
increases.  Breakdown of the Mn-N complexes to provide nitrogen for nitride nucleation 
could explain the small decrease in strength and hardness at the start of the age 
strengthening process.  In Enrietto’s steel samples, an increase in aging temperature 
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reduced the effect of manganese on precipitation times.73  The only deviations from the 
artificial age strengthening trend were at 200ºC (392ºF) and 250ºC (482ºF), where the 
apparent dual or sequential precipitation of Fe16N2 and Fe4N created age strengthening 
rates that were even higher than those for samples age strengthened at 350ºC (662ºF).  
This pattern argues for a dual precipitation process in GCI like that observed in some 
nonferrous alloys, a possibility supported by the findings of Richards et al. with 
observation of two kinetic models depending on temperature, each with a different 
activation energy.13 
 Accelerated age strengthening at 182ºC (360°F) and 285ºC (545°F) in GCI can 
develop overaging.67  Figure 1.15 provides an example of such behavior.  Overaging is 
likely associated with the growth of some precipitates at the expense of others, which is 
known to increase the mobility of dislocations and thus reduce overall strength.80,81 
 Age strengthening in GCI follows the Johnson-Mehl-Avrami kinetics as  
described by equations 3 and 4.   
 
( )( )nf ktV −−= exp1











      (4) 
 
Where in equation 3, Vf is volume fraction of precipitate, k is a rate constant defined by 
equation 4, t is time, and n is the time exponent.  In equation 4, ko is the attempt 
frequency, Q is the activation energy, R is the universal gas constant, and T is absolute 
temperature. 
 The age strengthening process in GCI has two stages.82  In the irons studied there 
appeared to be a transition in kinetic behavior somewhere between 100°C (212°F) and 
182°C (392°F).  This transition is apparent in the Arrhenius plot in Figure 1.16.  The 
change in behavior indicates that a different precipitate forms at temperatures above the 
observed transition.  The temperature of transition from either a dual or sequential 
precipitation process to a single precipitation process is somewhat lower than that 
observed in a high-purity Fe-N alloy by Enrietto, who noted a transition to precipitation 
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of only Fe4N at or above 300°C (572°F).73  The difference between precipitation 
transition temperatures may be explained by the presence of elements in cast iron that 
were not in Enreietto’s high purity alloy which could affect the precipitation kinetics and 




Figure 1.16. Arrhenius plot for gray cast iron age strengthening kinetics.82  Age 
strengthening at 182°C (360°F) and 200°C (392°F) indicates formation of only one 
precipitate, whereas curves at 20°C (68°F) and 100°C (212°F) indicate the presence of at 
least two precipitate species and/or morphologies during age strengthening. 
 
 
 Figure 1.17 represents two of the most recently published Fe-N binary phase 
diagrams.  The authors of Figure 1.17b indicated that their inclusion of ferrite and ε-
nitride as stable phases at room temperature opposes the previous belief that ferrite and 
Fe4N are the stable room temperature phases.90  The same paper discusses the possibility 
that although ε-nitride could be the equilibrium phase below about 200°C (392°F), Fe4N 
might instead be retained if a temperature near the transformation temperature is not held 
long enough.  The observation of ε-nitride at room temperature agrees with at least one 
other set of observations by Hrivňák, although these observations have not met the rigors 
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of peer-review.75,76  A paper by Jack, who extensively studied nitride formation in steel, 
commented that Fe3C and Fe3N are isomorphous and could easily be confused.91  In light 
of this, the ε-nitride observed as a stable room temperature phase by Hrivňák may have 
been iron-carbon cementite.  Notably, Enrietto also observed that dissolution of nitrides 
took almost as long as their precipitation, which suggests that the nitrogen solubility in 
ferrite will be the same in resolutionizing as during precipitation.73  This observation is 
evidence that Fe4N is the equilibrium room temperature phase; which supports the phase 





Figure 1.17. Iron-nitrogen phase diagrams.  Phase diagrams proposed by: (a) Malinov et 
al., where ferrite and Fe4N are equilibrium phases at room temperature.92  (b) Du Marchie 





Figure 1.17. Iron-nitrogen phase diagrams.  Phase diagrams proposed by: (a) Malinov et 
al., where ferrite and Fe4N are equilibrium phases at room temperature.92  (b) Du Marchie 




 The measured increase in strength from age strengthening has been compared to 
the thermodynamically predicted equilibrium Fe4N content.66  A strong linear correlation 
was found between strengthening and predicted Fe4N, as shown in Figure 1.18.  This 
correlation is important and suggests that for a given class of GCI, empirical results 
might permit development of an equation that would predict the increase in tensile 
strength after age strengthening as a function of computed equilibrium Fe4N. 
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Figure 1.18. Experimentally measured changes in average UTS from age strengthening as 
a function of thermodynamically modeled iron-nitride content.66  Linear correlation is a 
good fit (i.e. R2=0.96), showing that Fe4N is an excellent suspect for the precipitate. 
 
 
 The phase diagram in Figure 1.17a, the data and modeling comparisons in Figure 
1.18, and the information presented at the beginning of Section 1.2.7.3 are in agreement 
that the nitride responsible for fully age strengthened behavior in cast irons should be 
Fe4N.  To date, the only possible nitride precipitates in cast irons were detected in ferritic 
malleable cast iron53 and, indirectly, by neutron scattering.11  Proof of precipitate species 
and morphology in cast iron has thus far eluded researchers.  To understand the identity 
and behavior of the precipitates, work completed in less complicated microstructures 
such as steel and high purity Fe-N alloys can be discussed in context of cast iron.  Such 
work will provide a model for the age strengthening of cast irons until further direct 
observations can be made. 
1.2.7.4.2 Precipitate information inferred from steels.  In a review of 
precipitation processes in iron alloys, Edmonds and Honeycombe determined that the 
process for nitride precipitation at high nitrogen supersaturation and temperatures below 
200°C (392°F) is: Nitrogen Guinier-Preston (GP) zones → Fe16N2 → Fe4N.93  In this 
case, the precipitation of Fe16N2 from nitrogen GP zones is homogenous.  For low 
nitrogen supersaturation and high aging temperatures the precipitation appears to skip the 
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GP zones and heterogeneously nucleate as Fe16N2.  The nitrogen GP zones preceding 
Fe16N2 formation were observed by Wada et al.94  Different temperatures have been 
observed where the direct precipitation of Fe4N occurs, but the transition temperature can 
be expected to occur when aging is performed above about 200°C (392°F) or at least 
above 250°C (482°F).93  One study by Dahmen et al. showed that when aging a sample 
on a high voltage electron microscope stage at 285°C (545°F), Fe16N2 began to 
precipitate after 1.5 minutes, and Fe4N began to precipitate and consume Fe16N2 only 2.5 
minutes later.71  Although this technically showed that Fe16N2 can precipitate at 
temperatures above 250°C (482°F), in practical terms, the process starts with Fe4N 
because the Fe16N2 is so short-lived. 
 Dijkstra claimed that Fe4N was not preceded by any other precipitate, at any 
temperature.72  He drew this conclusion despite the observation that other unidentified 
precipitates formed before Fe4N and dissolved as Fe4N grew.  Two years later, Jack 
concluded that the unidentified precipitates preceding Fe4N formation were a phase, 
which he named α’’ (Fe16N2).78  One year later, in 1957, Booker et al.70 published a paper 
confirming Jack’s discovery of α’’-Fe16N2 precipitates and asserting that these were the 
precipitates observed by Dijkstra72 and Wert.95  At least three papers have claimed that 
the growth of these nitrides in the Fe-N system is diffusion controlled.71,95,96 
 Phillips observed at 45,000X that both Fe16N2 and Fe4N were present in samples 
after forty-three months of room temperature age strengthening.79  This period is much 
longer than would be expected for the metastable Fe16N2 to be present.  Phillips 
commented that the concentration of solutes other than carbon and nitrogen were not 
determined and may have prolonged the time the Fe16N2 was present.  Jack briefly 
discussed the possibility that nitriding alloying elements might stabilize Fe16N2 at room 
temperature.78 
 Precipitates of Fe16N2 have a rosette-type appearance when they are small enough 
that a transmission electron microscope (TEM) is required for imaging.  Some of the 
better TEM images of precipitates were published by Hale74 and Phillips.79  Some of the 
images by Hale show with clarity that the precipitates were either face-on or edge-on to 
the direction of observation.  Thus, the precipitates appear to be at 90 degrees to one 
another, indicating possible cubic growth directions relative to the matrix.  In a situation 
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such as extreme supersaturation the precipitates can grow thousands of times larger and 
become structured as disk precipitates.78  The Fe16N2 precipitates lie on and are coherent 
with the ferrite matrix along {100}α.70,74  The Fe4N precipitates, on the other hand, are 
only semicoherent with the ferrite in steel and form single-crystal plate-shaped 
precipitates with their {112} planes parallel to the plate faces.97  The set of twelve habit 
planes is accepted to be the {210}α family.97  Thus, the matrix and precipitate have the 
relationship of {112}║{210}α.70,71,97  The determination of this family as the habit planes 
for the precipitates is somewhat unusual because the plane is not of dense atomic 
packing, nor does it contain the matrix close-packed direction.  Studies have shown, 
however, that the atomic arrangements and spacing between the {210}α and {112}Fe4N 
planes are similar when considered in all three dimensions, and all other matches 
explored would be distinctly different in atomic spacing.97  The similarity of atomic 
spacing between {210}α and {112}Fe4N planes may explain the choice of habit planes for 
the nitrides.  In 1987, Dahmen et al.71 claimed that Fe4N has four variants with habit 
planes of {049}α.  This claim has not been refuted or supported in any further literature 
and it appears to have been simply ignored.  The claim was probably ignored because the 
difference between the (012) and (049) planes is only 2.6 degrees, which is within 
experimental error of determining the precipitates lie on the {210}α family.  Table 1.1 




Table 1.1. Crystallographic information for ferrite and nitride precipitates in steel that are 
also suspected to be precipitated in age strengthening cast irons. 
Phase Crystal Structure Space Group Lattice Parameter (Å) 
α-Fe BCC Im3m a=2.87 98 
α''-Fe16N2 BCT I4/mmm 78 a=5.72 & c=6.29 78 




1.2.7.4.3 Precipitation process model.  With the information concerning 
nitride precipitation in steel, a reasonable model can be proposed for the precipitation in 
cast irons.  Below 200°C (392°F), the following process is likely: Fe16N2 → Fe4N, with 
the possibly of nitrogen GP zones homogenously nucleating first.  It is perhaps difficult 
to conceive of a homogenous nucleation process in a material as heterogeneous as gray 
iron, but the presence of the GP zones may be a moot point since such zones have yet to 
be connected to a physical manifestation during cast iron age strengthening.  The 
reviewed knowledge from steel research and the combination of kinetics and mechanical 
property measurements in GCI indicate that above about 200°C (392°F) the equilibrium 
Fe4N precipitate nucleates directly on dislocations, and there are no intermediate phases.  
At this time, there is no reason to assume the iron-nitrides in cast iron have a different 
crystal structure or orientation relative to the ferrite than do the iron-nitrides in steel.  The 
coherency of the precipitates, and thus their interaction with dislocations, may be relevant 
for understanding of how age strengthening in cast irons is linked to changes in 
machinability. 
 
1.3. RESEARCH RATIONALE 
 Based on the review of prior work it is believed that room temperature age 
strengthening in gray cast iron occurs through a nitride precipitation process that 
increases hardness and tensile strength.82  The general rule among machinists is that the 
higher the hardness of gray iron, the more difficult it is to machine.99,100  However, 
researchers have shown that machinability, in terms of tool life, improved after age 
strengthening of gray iron even though hardness increased (Figures 1.12 and 1.13).62,63   
 Machinability research is often too complicated for detailed conclusions to be 
drawn from only one experiment; therefore, a series of experiments was used in this 
dissertation.  A foundry that was experiencing problems with low tool life was selected to 
make brake disk castings for research.  This selection was intended to further examine the 
benefit of age strengthening on machinability and develop an opportunity to concurrently 
study tool wear and tool forces.  A foundry producing gray iron castings of different 
grades was selected to make disk castings to determine how differences in the free 
ferrite/pearlite ratio interacted with age strengthening to affect machinability. 
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 Tool wear characteristics and forces acting on tools during turning were used to 
study the effects of age strengthening on gray cast iron machinability.  The working 
hypothesis is that age strengthening affects gray cast iron machinability through physical 
metallurgy mechanisms.  One possibility is that machinability will improve because the 
energy for chip formation is reduced after age strengthening.  Another possibility is that 
age strengthening will have a negative effect on machinability because of increased 
hardness and strength.  The main goal of this research was to determine the effects of age 
strengthening on machinability and present an explanation for how it produced these 
effects.  A list is presented below that breaks down the tasks that were believed to be 
necessary to complete the research goals. 
 1. Document the effects of age strengthening on mechanical properties. 
 2. Document effects of age strengthening on tool wear. 
 3. Determine how age strengthening influences forces acting on the tool. 
 4. Investigate any combined effects of microstructure and age strengthening (e.g.  
     pearlite/ferrite ratio) on machinability. 
 5. Present an explanation that ties all of the above together to determine how and  
     why age strengthening effects machinability. 
 Many material-dependent factors affecting cast iron machinability are 
summarized in Figure 1.19, most of which are discussed in a cast iron machinability 
review by Loria.101  The variables that affect the machinability are controlled by 
independent variables that arise during casting.  Chemical composition and time the iron 
is at room temperature control age strengthening, which influences machinability by 
changing microstructure properties.   
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Figure 1.19. Material variables affecting gray cast iron machinability. 
 
 
 To study the effects of age strengthening on machinability, other variables must 
be held essentially constant or removed from consideration.  To help minimize 
inconsistencies in pouring conditions, cooling rate, chemical composition, and 
inoculation, all samples for an experiment were cast from the same ladle.  This single 
effort was important to control many of the independent variables listed in Figure 1.19.  
In addition, tensile bar samples were produced two per mold so that one sample was 
tested unaged and the other age strengthened.  This pair-wise comparison of castings 
aided in reducing pouring sequence and time-dependent (e.g. inoculant fade) 
microstructure variability that would be more prevalent in castings from different molds.  
The time castings spent in molds was maintained constant, within reason, to help reduce 
cooling rate variability as an effect.  The pouring conditions, cooling rate, chemical 
composition, and presence of filters also influence the dependent variable of non-metallic 
inclusion content of the castings (Figure 1.19), which can be harmful (e.g. sand, TiN) to 
machinability or beneficial (e.g. MnS).  When possible, ceramic filters were used to limit 
effects of inclusions by reducing the amount that enter the castings.102  Decreasing iron 
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temperature to below room temperature reduces the rate of age strengthening.57  
Therefore, placement of samples in cold storage until testing can preserve the unaged 
condition.  Variables that affect machinability, which are not dependent on the material, 
are the cutting conditions, tooling, accuracy of equipment, and machine stability.  A 
computer numerical controlled (CNC) lathe can maintain a constant linear surface speed 
which provides cut consistency during facing.  This consistency, open programmability, 
and accuracy of a CNC lathe allow for uniform tool force measurement, which is 
sometimes applied by industry in tool condition monitoring.  For these reasons a CNC 
lathe was chosen for laboratory machinability research.  Only one CNC lathe should be 
used so that machine accuracy and stability were constant.  All tooling used for an 
experiment should be of the same type and batch so that tooling as a machinability 
variable was controlled.  Machining conditions such as feedrate, linear surface speed, 
depth of cut, tightness of toolpost, and absence of coolant can be controlled and held 
steady for each experiment to help isolate age strengthening as the variable of study. 
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2. EXPERIMENTAL PROCEDURES 
2.1. EXPERIMENTAL METHODOLOGIES 
 Experiments were conducted in both the Missouri S&T foundry and in industrial 
foundries with the objective of understanding how age strengthening at room temperature 
affects the machinability of gray cast iron.  Figure 2.1 maps the connections between 
experiments and the overall objective.  In terms of machining mechanics, changes in tool 
forces and tool wear were used as indicators of machinability.  Changes in the machining 
behavior of cast iron are affected by changes in the physical metallurgy.  Metallurgical 
aspects considered in this research because of their potential importance to both age 
strengthening and machinability include microstructural considerations such as graphite 
morphology, ferrite and pearlite content and nano-scale nitride precipitation.  Also 
considered is the effect of the microstructure changes on properties including hardness 
(both macro- and micro-) tensile strength and impact toughness.  Correlating the results 
of machining mechanics studies with the physical metallurgy will provide a more 
complete understanding of the effects of age strengthening on the machinability of gray 
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Figure 2.1. Connections between samples, experiments, and overall research objective. 
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2.2. AMERICAN FOUNDRY SOCIETY 5J MACHINABILITY TEST ARTICLE 
 The American Foundry Society 5J Committee machinability test article design, 
hereafter referred to as test article, was developed to better standardize gray cast iron 
machinability testing.4  Test articles used in this research were one-inch thick disks, ten 









Figure 2.2. American Foundry Society machinability test article is a one-inch thick cast 
iron disk ten inches in diameter with a hub. 
 
 
 When the castings were produced for this work, gating, riser placement, and hub 
size were not standardized by AFS.  These details are left to the foundries such that they 
can tailor to the available molding lines.  All castings were made in horizontally-parted 
silica sand molds with the disk portion in the drag, the hub in the cope, and a riser on top 
of the hub.  The patterns were appropriately tapered on the sides for ease of pattern 
retraction from sand during mold making, and pattern size increased to account for 
casting solidification and cooling shrinkage. 
 
2.3. NITROGEN IN GRAY IRONS 
 Several years of research in gray cast iron age strengthening has revealed that, for 
induction melted irons, the minimum nitrogen required to observe age strengthening is 20 
ppm free nitrogen.  Free nitrogen is the amount of nitrogen in solid solution, which is 
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essentially the nitrogen in excess of what forms nitrides and, in particular, titanium-
nitrides.  The titanium nitride that precipitates from the melt in cast irons (TiN) remains 
stable during casting solidification and down to room temperature; therefore, once it 
bonds with nitrogen, the nitrogen will not be free for age strengthening. 
 The primary sources of nitrogen in cast irons are the charge materials that go into 
the furnace.  Some nitrogen can enter the melt liquid solution from the atmosphere, but 
the melt will have some slag floating on top that acts as a barrier to the nitrogen gas 
reacting with the melt surface.  Another source of nitrogen, only possible in some 
castings is absorption from decomposition of core binders.  This gas will likely remain in 
the casting near the source rather than diffuse throughout (i.e. skin effect only). 
 Based on work presented by Johnson and Heine and also Pehlke and Elliott an 
estimate of free nitrogen solubility is 75 to 100 ppm at 1200°C in the irons used in this 
dissertation.103,104  The solubility of nitrogen is affected by carbon and silicon contents 
which both act to reduce solubility at all melt temperatures.  Titanium and aluminum 
increase solubility, but of course form nitrides. 
 Exceeding the solubility limit of nitrogen in cast iron during casting solidification 
will result in the formation of gas defects.103  The defects can reduce mechanical 
properties and sometimes can reduce machinability by introducing a slight hammering 
effect on the tool tip.  Additions of nitrogen to gray iron must be carefully planned such 
that the solubility limit, which can vary with alloy contents and mold variables, is not 
exceeded. 
 
2.4. CASTING PRODUCTION 
 The standard casting procedure is as follows.  Samples for mechanical testing 
were ASTM A48 B-bars cast vertically in no-bake molds containing filters that 
intersected the metal stream ahead of the bar castings.  The filters were from Foseco, with 
10 ppi and nominal two-inch diameters in insulated sleeves.  Samples for CGI evaluation 
were cast in no-bake ASTM A842 modified keel block molds.  No-bake molds were 
prepared at the university using F70 sand with Ashland Chemical Novaset HP-A resin 
and Novaset 6018 Coreactant.  The flow rates were adjusted to 1.5% for resin and 
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0.375% for hardener, with the remainder sand.  Flow rates were monitored to ensure that 
they remained within ±5% of targets. 
 Table 2.1 summarizes the details of castings produced for machinability 
evaluation.  Foundry A produced brake disks, foundry B produced AFS 5J test articles, 
and foundry C cast the compacted graphite iron. 
 
 
Table 2.1. Production details for castings used in research. 
Foundry A Foundry B Foundry C University Foundry
Iron Gray Gray CG Gray
Melting Coreless induction Cupola Coreless induction Coreless induction
Holding N/A Channel induction N/A N/A
Ladle Additons 0.3kg 5N-Fe25Mn ;           
2.0 kg foundry-grade 
ferrosilicon
4 lbs Superseed75 ;             
5lbs 5N-FeMn
5N-FeMn, added 
0.0012% N to melt ; 
magnesium See table 2.2
Casting Brake disks AFS test articles AFS test articles AFS test articles
Molding Green sand - Fisher line Green sand - Herman line No-bake No-bake
Pour Temperature 1390-1430°C 1254-1416°C 1360-1390°C 1411-1445°C




2.4.1. Brake Disks Set 1 (Plant A produced, in-plant tested).  Class 35 gray  
iron was prepared initially by induction furnace melting.  Seven ladles were used to cast 
455 ten and one-quarter inch diameter passenger car brake disks (see Figure 2.3) at an 
automotive foundry using their normal industrial practice.  Each ladle contained 600 kg 
(1320 lbs) of molten iron, and was inoculated with 2.0 kg (4.4 lbs) of foundry-grade 
ferrosilicon.  To increase the nitrogen content of the iron and thus to improve age 
strengthening, 0.3 kg (0.66 lbs) of nitrided ferromanganese with five percent nitrogen 
was added during inoculation.  The iron was poured at 1390°C into green sand molds.  
Brake disk castings were removed from the molds approximately forty-five minutes after 
pouring, and the flange surface temperatures were typically around five-hundred-ninety 
degrees Celsius.  The brake disks were shot-blasted and either machined immediately or 
stored at ambient temperature for age strengthening. 
 The B-bar samples for mechanical property evaluation were cast immediately 
after the brake disks from the same ladles.  The bars were removed from the molds after 
fifteen minutes, air-cooled for thirty minutes, chilled in water, and placed on dry ice to 






Figure 2.3. Target dimensions of passenger car brake disks cast at foundry A.  
 
 
2.4.2. Brake Disks Set 2 (Plant A produced, Missouri S&T tested).  Castings  
of nominal ten-inch diameter passenger car brake disks were produced from one ladle 
using the same foundry, molding line, and process described in Section 2.3.1.  No testing 
was performed at the foundry, and the castings were placed on dry ice until machining in 
the university lab.  Twelve no-bake B-bar tensile molds were poured after the last brake 
disk mold.  Each mold contained two tensile bars, for a total of 24 bars.  After 20 ± 3 
minutes, the bars were removed from the molds in the order in which they were poured. 
2.4.3. Machinability Test Articles.  Two sets of gray cast iron test articles were 
studied, one set produced in the university foundry and the second set produced by 
foundry B. 
2.4.3.1 University laboratory.  Four heats of two test articles each were poured 
at the university.  The test articles were cast in no-bake molds containing the same type 
of ceramic filters described for the B-bar molds.  Figure 2.4 shows a solidification and 
cooling simulation produced by MagmaSoft version 4.4, which was used in the gating 





Figure 2.4. Solidification simulation of test article including rigging system, gas vents, 
and a sleeved riser on the hub. 
 
 
 The cast iron was produced by melting the materials listed in Table 2.2 in a 
nominal 100 lb (45.3 kg) capacity induction furnace under an argon atmosphere.  A 
nitrided ferromanganese alloy wrapped in plain-carbon steel foil was added to the melt by 
submersion between 1500 and 1545°C, with a target of 1520°C.  Before and after the 
addition of the alloy, the melt was deslagged.  The target pouring temperature was 
1425°C; the actual pouring temperatures ranged from 1411 to 1445°C.  Two castings 
were poured per heat: one to be machined in unaged condition and the other in after 35 
days.  The castings were removed from their molds one hour after pouring and air-cooled 
to near room temperature before the gating and risers were removed.  After gating 
removal, the castings to be machined in the unaged condition were placed in a cooler 
with dry ice.  Before returning to room temperature for machining, unaged castings spent 








Table 2.2. Material weight targets for melting laboratory gray cast iron used in test article 
castings.  Appendix A has the actual weights used. 
Alloy Weight Addition Method(s) 
Low-Sulfur Graphite 1.4 kg Precharged in furnace 
Foundry-Grade Ferrosilicon 1.0 kg Precharged in furnace 
Iron-Phosphorus 56 g Precharged in furnace 
Low-Carbon Ferrochromium 40 g Precharged in furnace 
Copper 135 g Precharged in furnace 
Ferro-Sulfur 56 g Precharged in furnace 
Superseed 75 Inoculant 100 g In-ladle, in tap stream 
1020 steel Punchings 0.45 kg Precharged in furnace 
Nitrided Ferromanganese 220 g In furnace, into molten iron 
High-Purity Iron 37.6 kg Some precharged in furnace, 




2.4.3.2 Foundry B (Industrial).  Class 30 gray iron was produced through cupola 
melting followed by holding in a channel induction furnace.  An inoculation of 4.0 lbs 
(1.8 kg) of Superseed75 was added to an approximately two-thousand pound capacity 
ladle, per standard practice at the foundry.  In addition, 5.0 lbs (2.2 kg) of nitrided 
ferromanganese was added during tap to supply the nitrogen required for age 
strengthening.  Seventeen test articles were cast from a single ladle into green sand 
molds.  The test articles were removed from the molds approximately forty minutes after 
pouring. 
 The same ladle used to cast the test articles also supplied metal for 15 vertically-
parted no-bake B-bar molds.  The bar castings were removed from the molds after 20 ± 3 
minutes and labeled in the order poured.  Once removed from the molds, all bars were 
cooled in water and placed in dry ice until laboratory testing in the unaged condition.  
2.4.4. Compacted Graphite Iron.  The cast iron was produced by induction 
melting at foundry C with in-ladle magnesium treatment by the SinterCast method.  This 
method uses thermal analysis to estimate the level of treatment for graphite nodule 
formation in the melt and adds magnesium as needed.  The sample for microhardness 
measurement was cut from a tensile bar section that had been poured at a temperature 
between 1360 and 1393°C and removed from the mold after approximately fifty minutes. 
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2.5. CHEMICAL ANALYSIS 
 Chill samples cast in copper molds were analyzed on a Spectro CJR02 arc-
spectrometer to determine alloy chemistry.  Carbon and sulfur analyses were performed 
with a Leco CS 600 combustion analyzer and nitrogen analysis with a Leco TC 500.  The 
nitrogen specimens were cut from metal at least two millimeters below the casting skin, 
which minimizes the effects of contamination from reactions with mold materials.105  All 
spectrometer analyses were validated by comparison with at least one additional 
spectrometer at foundry B.  The condition and calibration of both Leco instruments were 
verified with steel pin standards before and after each use.  The chemical analysis results 
are tabulated in Tables 2.3 through 2.7.  All composition values are in weight percent. 
 
 
Table 2.3. Composition of foundry A brake disks from industrial tool wear study. 
C Si CE S Mn P Cr Ni Al Cu Ti Sb N




Table 2.4. Composition of foundry A brake disks from tool force study. 
C Si CE S Mn P Cr Ni Al Cu Ti Sb N




Table 2.5. Four compositions of gray cast iron test articles produced in the university 
laboratory.  Any elements not shown are less than 0.01%. 
C Si CE S Mn Cr P Ni Cu Al Ti N
Heat 1 3.29 1.94 3.95 0.063 0.44 0.09 0.053 0.03 0.33 0.004 0.003 0.0062
Heat 2 3.66 2.00 4.35 0.044 0.38 0.09 0.055 0.03 0.35 0.001 0.003 0.0061
Heat 3 3.25 1.93 3.92 0.084 0.53 0.11 0.065 0.05 0.40 0.015 0.002 0.0095




Table 2.6. Composition of foundry B produced test articles and B-bars.  Elements not 
shown are less than 0.01% 
C Si CE S Mn Cr P Ni Cu Sn Mo Ti N
3.45 2.29 4.21 0.140 0.66 0.19 0.040 0.06 0.23 0.01 0.03 0.029 0.0108
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Table 2.7. Composition of compacted graphite cast iron.  Elements not shown are less 
than 0.005%. 
C Si CE S Mn Cr P Cu Mg Ti Sn N




2.6. MICROSTRUCTURE PREPARATION AND EXAMINATION 
 Optical metallography will not distinguish the iron-nitrides responsible for age 
strengthening because of their small size.  Microstructure features can have various 
effects on machinability and are useful to characterize.  All metallographic specimens 
were mounted in Bakelite (black phenolic powder).  Castings for microstructure analysis 
were sawed only as necessary to remove specimens.  The sawing was performed with 
coolant flow to prevent microstructure phase transformations.  Six samples at a time were 
polished on a Struers Abramin polishing unit with microprocessor control.  A 200-N load 
was applied to the specimens for all polishing stages.  Polishing began with 180-grit 
sandpaper revolving at 150 rpm for fifty-five seconds and flushed with water for the 
duration of contact between specimens and wheel.  This step was followed with the use 
of 240-, 320-, 400-, 600-, and 1200-grit papers.  Specimens were polished with the 800-
grit paper for forty seconds.  After sanding, the microstructure specimens remained in the 
holder to be washed with water, dish soap, ethanol, and then dried with hot air.  Once 
washed, the specimens were polished using Allied Tech Products 3-µm monocrystalline 
diamond paste.  Diamond extender was applied every fifteen seconds, and the wheel was 
not flushed with water.  Following ten seconds of ultrasonic vibration, specimens were 
then washed again.  Finally, the specimens were polished on a different wheel with 0.1-
µm diamond paste and washed a third, and final, time.   
2.6.1. Brake Disks.  The brake disk casting used for metallographic assessment 
was examined in several locations, as indicated in Figure 2.5.  Sample B represented the 





Figure 2.5. Schematic of a gray cast iron brake disk indicating locations of microstructure 
specimens (red boxes). 
 
 
2.6.2. Machinability Test Articles.  An examination of a test article 
microstructures at the locations shown in Figure 2.6 determined that the sample located 
two inches from the outer edge (indicated by an arrow) best represented the majority of 




Figure 2.6. Test article microstructure locations.  
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2.6.3. Optical Analysis.   A microscope equipped with a CCD camera connected 
 to a Macintosh computer running Adobe Photoshop CS2 was used for image capture and 
micron bar placement. 
 Graphite flake type and size were classified on unetched images according to 
American Foundry Society methods described in ASTM A247.  In the standard flake size 
is divided into eight classifications (Table 2.8) based on measuring the largest flake in the 
field of view. 
 
 
Table 2.8. Classification of graphite flake size based on ASTM A247.  The dimensions 
are of the largest flake in the image. 











 Area percentages of matrix phases (e.g., pearlite) were estimated by visual 
examination and comparison with the American Foundry Society Gray Iron 
Microstructure Rating Chart.  No standard exists for matrix image analysis in gray cast 
iron.  Although computer software can be purchased for image analysis of gray cast iron, 
the results vary depending on the software author.106,107  The microstructure of gray cast 
iron is highly heterogeneous, even compared to other cast alloys and it is dependent upon 
many factors (refer to Section 1.3); therefore, numerical quantification would imply a 
level of accuracy in the evaluation of the overall casting microstructure that would not be 
truly representative.  A system using classification brackets, similar to the concept in 
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ASTM A247, was applied to provide a gauge for matrix differences between gray irons.  
Table 2.9 provides the breakdown for the matrix classification system. 
 
 
Table 2.9. Classification of gray cast iron matrix areas. 
Area Class Estimation of Phase Area (percents) 
None None identified/found 







2.6.4. SEM Analysis of Phases.  Phases unidentified by optical microscopy were  
re-examined using an ASPEX 1020 Scanning Electron Microscope (SEM).  Figure 2.7 
shows an area identified as the iron-phosphorus eutectic, or steadite, and the elemental 




Figure 2.7. Steadite phase identification was performed with the assistance of EDS. 
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2.7. MECHANICAL TESTING 
2.7.1. Tensile.  The B-size tensile bars were machined from castings per ASTM 
A48 standards.  Prior to tensile testing, unaged bars were stabilized from dry ice 
temperature to room temperature (as defined by ASTM E-8) in a warm water bath.  
Tensile tests were conducted using an MTS Model 312.31 test frame with self-aligning 
fixtures operated by an Instron 8800 digital control panel.  The test frame was set to 
displacement control with a strain rate of 0.02 mm/s. 
2.7.2. Hardness.  Brinell hardness measurements were taken with a model J 
Wilson Brinell hardness tester.  All measurements were made according to the ASTM 
E10–07a standard using a 3000-kg load and a 10-mm indenter.  Indentations were made 
on the side of the disk where the hub protrudes.  All these hardness measurements were 
taken on surfaces polished by a surface grinder using encompassing coolant flow.  For 
every set of data, three standards were indented and used to generate a calibration curve.  
Indentation diameters were measured using a digital camera connected to a computer 
with ImageJ 1.37v image analysis software.   
 Rockwell B measurements were taken with a Wilson/Instron Rockwell hardness 
tester.  A typical 1/16-in indenter and 100-kg load were used.  Values were read from a 
dial indicator on the instrument to the nearest one-half hardness value. 
 Values of Vicker’s microhardness were determined on a Struers Duramin DK-
2750 instrument connected to a computer with the Duramin 5 software.  Testing was 
performed according to ASTM E92-82, with two exceptions:  Section 7.1 and 7.2 of 
ASTM E92-82 specify that a minimum of 9.8 N is to be applied for at least ten seconds.  
This requirement could not be accomplished for the cast iron without interference from 
other phases; therefore, a load of 98 mN was applied for five seconds.   
 The complex, interconnected nature of flake graphite in gray cast iron often 
makes microhardness measurements impractical.  In lieu of such measurements, 
microhardness of ferrite in age strengthening compacted graphite cast iron (Figure 2.8) 
was measured instead.  Before taking any measurements, the largest graphite nodule size 
was estimated, and measurements were performed around these nodules only.  Figure 2.9 
shows the steps taken to reduce erroneous measurements resulting from interference by 
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Figure 2.8. The microstructure of compacted graphite iron has many of the same features 
of gray iron, but also nodular graphite surrounded by ferrite rings that are good locations 
for microhardness measurements of the ferrite. 
 
 
Ferrite patch indicates the 
presence of a nodule above 
or below plane of polish 
Graphite nodule with 




Graphite nodule (surrounded by ferrite)
Plane of polish
A nodule can appear to be smaller (left) 
or larger (right) depending on where it 
intercepts the plane of polish.
A microhardness indent (location 
indicated by the arrow) for the example 
on the left would likely have its true value 
distorted by the portion of the graphite 
nodule hiding below the ferrite that would 
be visible in the plane of polish.  In 
contrast, a microhardness indent in the 
example on the right would not have any 
graphite underneath to distort its value.
 
Figure 2.9. Method of taking measurements only around largest nodules to reduce 
interference from possible graphite beneath the plane of polish. 
 
 
2.7.3. Impact Toughness.  Impact testing was performed on a Tinius Olsen 
model 84-3 with a model 892 electronic display.  A potential energy of 301 ft-lbs was 
applied by the hammer to each specimen with variability from friction of approximately 
0.05 ft-lbs and never observed to exceed 0.09 ft-lbs.  Specimens had square cross-
Sections of 14.0 X 14.0 mm ± 0.3 mm, lengths of 55 ± 1 mm, and were unnotched.  
Specimens were machined from test article castings originating from foundry B.  Due to 
an accelerated timeline for experimental work, age strengthening of the charpy specimens 
involved a combination of accelerated and room temperature holding.  Accelerated age 
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strengthening was for eight hours at 180°C, which should complete approximately eighty 
percent of the age strengthening.  After the accelerated age strengthening the age 
strengthening was completed by holding at room temperature for five days.  The 
specimens were not age strengthened to completion in the furnace to avoid the danger of 
overaging. 
 
2.8. MACHINING PROCEDURES 
2.8.1.  Tensile Bars.  The B-bar castings were machined on a computer- 
numerically-controlled (CNC) lathe at room temperature under coolant flow and 
according to ASTM A48.  All outer diameters of the gage Sections were polished with 
220-grit utility cloth.  The bars to be tested in the unaged condition were kept on dry ice 
after machining.  The total time that unaged bars remained off dry ice in each experiment 
was recorded.   
2.8.2. Brake Disks Set 1 (Plant A produced, in-plant tested).  After casting, the 
brake disks were machined according to the foundry’s internal procedure using a multi-
operation machining station with encompassing coolant flow.  The indexable inserts used 
to machine the castings were from the same lot, and they passed inspection in a binocular 
widefield microscope for surface and dimensional anomalies before use.  Each set of 
inserts contained the exact type and number of inserts required to load all holders needed 
to operate one line of the machining operation, and each insert was labeled to ensure 
traceability.  As soon as possible after production, 50 castings were machined using one 
set of cubic-boron-nitride (CBN) inserts.  After 10 days at room temperature, another 50 
castings were machined on the same machining center using another set of the same type 
of inserts.  In addition, a 200-casting machining run was conducted on day 10 with a third 
set of inserts.    After machining, tilt values were recorded at the line’s quality control 
station.  Tilt is a measure of the loss of flange perpendicularity relative to the hub; it is 
recorded in units of length.  Tilt is known to increase as tools become dull. 
2.8.3. Brake Disks Set 2 (Plant A produced, Missouri S&T tested).  Data from 
industrially-produced brake disks was collected on a HAAS TL-1 CNC lathe using a 
TeLC DKM 2010 Turning Dynamometer tool force system.  This system was connected 
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to a computer through an RS232 port for digital data collection and analysis.  Figure 2.10 
shows a schematic of the tool force system. 
 
 
Fn = Normal Force
Ff = Feed Force
Fp = Passive Force
Cutting Direction Cutting Direction
Side View Front View
Piezoelectric load cells
 
Figure 2.10. Tool force measurement system.108 
 
 
 All cuts on the brake disks were facing cuts made on the flange of the disk 
opposite the side from which the hub protrudes, as shown in Figure 2.11.  The X-Y 
position, angle, and tightness (a torque of 120 ft-lb) of the tool post were maintained 
constant for all experiments.  During the experiments, force data was collected for eight 
sequential facing cuts using constant machining parameters.  The machining parameters 
were a cut depth of 0.015 inches and a feedrate of 0.006 ipr at a speed of 300 sfpm.  All 
tools used on the tool force system were uncoated tungsten-carbide with cobalt binder 
and no chip breakers, as specified in ISO 513:2004.109  Figure 2.12 is an example of raw 


































Figure 2.12. Tool force data from eight sequential facing cuts using the same tool. 
 
 
Cut 8 Cut 1 
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2.8.4. Machinability Test Articles.  The test articles were machined in two 
stages: The first stage involved no data collection, only preparation for the second stage 
during which data was collected. 
 To prepare for tool force data collection, the cylindrical side of the hub was 
milled on a rotating table so that the sides of the hub were perpendicular to the face of the 
test article.  The outer diameter of the test article was machined in a lathe to provide a 
consistent diameter and decrease force variations that can occur at the start of a facing cut 
if the disk is not centered on the hub. 
 For data collection, all test articles were machined without coolant, a process 
typical of some industrial operations, eliminating coolant as a variable.  Before each test, 
the topography of the casting skin was mapped by measuring in one-inch increments 
along four directions at 90° intervals.  These measurements were recorded from the CNC 
lathe digital carriage position readout and were made by touching the tool insert against 
the test article face.  The readings were averaged, and the average location was used as 
the zero point for the first depth of cut.  The surface topography measurement procedure 
was used to minimize force variations caused by varying cut depths in the casting skin.  
In addition, the procedure ensured that the first cut would generate a complete machined 
surface in place of the casting skin surface.  Figure 2.13 shows a test article installed in 
the lathe before data collection. 
 Before and after machining experiments, the noise in the force data was recorded 
and was found to vary from zero to a maximum of ± 3 N.  Chips from the machining 
procedures were collected and over one thousand chips were weighed to determine chip 






Figure 2.13. The three-axis turning dynamometer on the CNC lathe tool post and a test 
article in the lathe chuck.  A hole was drilled into the center of the test article to a depth 
of ¾ inch to avoid centerline burr buildup. 
 
 
2.8.4.1 University test articles.  Tool force data was collected using 
instrumentation described in Section 2.7.3.  Force data was collected for six sequential 
facing cuts using constant machining parameters of 300 sfpm, 0.05 in. depth of cut, and a 
0.006 ipr feedrate.  The first of these cuts was made after 0.105 in of material had already 
been machined away.  The goal of this test was to analyze the change in cutting force 
during machining when tool wear was expected to significantly progress.  All tests used 
uncoated tungsten-carbide tools described in Section 2.7.3. 
2.8.4.2 Industrial test articles.  Machinability was studied using the tool force 
system described in Section 2.7.3, for five facing cuts on each test article.   Machining 
parameters applied were a cut depth of 0.035 inch, a feedrate of 0.006 ipr, and a surface 
speed of 350 sfpm.   
 A second experiment was conducted using test articles and B-bar castings that 
were not tested in the original experiment.  The castings for the second experiment were 
heat treated to transform some pearlite to ferrite, thus changing the ferrite content as a 
variable.  Furnaces with programmable digital controls were used to heat the castings 
from room temperature to 850°C at 50°C/hr, hold for two hours, and then cool to 600°C 
at 50°C/hr.  After the furnace reached 600°C the castings were held for six hours at 
temperature to allow the castings to reached thermal equilibrium with the furnace.  The 
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samples were removed from the furnace and stagnant air cooled at room temperature.  As 
indicated by previous research, the ferritizing heat treatment restarted age 
strengthening.61,66 
 In addition to the tool force system operating at 1-Hz, a high-frequency (20-kHz) 
tool force system was used together with a hi-speed camera (500-Hz) to study chip 
formation.  The high-frequency system was connected to a computer containing LabView 
software by a National Instruments hi-speed USB-9162 carrier.  An example of raw data 
collected by the set-up is shown in Figure 2.14.  The same cutting parameters that were 
used with the non-treated samples were applied with the low-frequency system for three 
sequential facing cuts on the ferritized samples.  With the high-frequency system three 
cuts were made each with a different speed applied: 50, 100, or 275 sfpm, but a constant 
cut depth of 0.03 in and feedrate of 0.006 ipr.  To reduce possible interference of surface 
variability, the first 0.07 inches (1.78 mm) of the test article faces was removed before 
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Figure 2.14. One-thousand example voltage measurements used to calculate normal 
forces acting on a tool.  Machining parameters were: a cut depth of 0.03 inch, feedrate of 
0.006 ipr, and a surface speed of 275 sfpm. 
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2.8.5. Video Capture of Chip Formation.  To collect information about chip 
formation, a FASTEC video camera was mounted onto the CNC lathe carriage to follow 
the tool as a facing cut was performed (Figure 2.15).  The camera was set to a frame rate 
of 500 per second, a view area of ten by ten millimeters, and a working distance of 
approximately one-hundred-fifty millimeters.  For each use of the camera 4.6 seconds of 
video was captured.  The work of previous researchers has shown how high-frequency 
dynamometer readings and chip formation events correlate.110  Two types of force 
behaviors occurred below the average value of force data.  Local minimums in normal 
forces represented chip break-off events, whereas the remaining force valleys occurring 
below the average force value represented crack formation.  By counting these valleys, a 








2.9. TOOL WEAR MEASUREMENT 
 To determine the area of tool wear, a digital image of the tool face and/or flank 
was taken under low magnification with a light microscope.  A digital camera with a 
connection to a computer was used to capture images through the microscope.  The 
ImageJ 1.37v program was used to calculate wear areas.  Figure 2.16 illustrates an insert 
with the tool wear area highlighted as it would be with the application of image analysis.  
Chips 
Tool Face Chip Forming 
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A 10-mm ruler for use in SEM measurements was used to set the image analysis 




Figure 2.16. Image of the tip of a CBN tool face under a microscope.  The yellow outline 
shows how the tool wear area would be highlighted during image analysis.  The same 
procedure was performed for flank wear measurements. 
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3. RESULTS AND DISCUSSION 
3.1. MICROSTRUCTURE AND COMPOSITION 
  
3.1.1. Brake Disks.  Figure 3.1 shows representative microstructures from brake 
disks used in the industrial tool wear study and the tool force study.  A comparison of 
these figures shows that the castings are similar in microstructure.  Both castings (Figures 
3.1a and 3.1b) have a skin region extending to a depth of about one-hundred microns that 
contains free ferrite and highly undercooled graphite.  In the body of the castings (Figures 
3.1c and 3.1d) the matrix is mainly pearlite with low free ferrite (see terminology in 
Table 2.4) containing AFS size four type A graphite flakes (defined in experimental 
procedure).  These type A flakes are considered the best graphite form in gray irons for 
mechanical properties and one of the best for machinability.  The gray iron used to cast 
brake disks for the tool wear and tool force studies came from foundry A and were 
similar in composition as summarized in Tables 3.1 and 3.2.  The only notable difference 
is that the second set of castings (Table 3.2) has higher sulfur content which brings the 
sulfur content closer to balance with the manganese.  Manganese being in excess of 
stoichiometric balance with sulfur promotes flake graphite and a matrix of mostly pearlite 
with slight ferrite.111  In the case of either iron, essentially all the sulfur will be combined 
with manganese as manganese-sulfides, which are soft inclusions believed to be 
beneficial for machinability.  Also in both irons is nitrogen in excess of titanium that goes 






(a)                                                                   (b) 
 
  
(c)                                                                   (d) 
Figure 3.1. Representative brake disk microstructures.  Microstructures of (a) skin of 
brake disk from in-plant tool wear study, (b) skin of brake disk from laboratory tool 




Table 3.1. Results of chemical analysis of disks from in-plant tool wear study. 
C Si CE S Mn P Cr Ni Al Cu Ti Sb N




Table 3.2. Results of chemical analysis of disks from tool force study. 
C Si CE S Mn P Cr Ni Al Cu Ti Sb N
3.36 2.34 4.14 0.104 0.76 0.013 0.07 0.02 0.004 0.67 0.011 0.02 0.0072
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3.1.2. Machinability Test Articles.  The test articles were molded and cast  
at either the university foundry or an industrial foundry.  Four melts (heats) of gray iron 
were made in the university laboratory; each with a different composition with significant 
variation in carbon equivalent (CE) as summarized in Table 3.3.  Two test article castings 
were successfully produced from each heat. 
 
 
Table 3.3. Four compositions of gray cast iron test articles produced in the university 
laboratory.  All values in weight percent and elements not listed were less than 0.01%. 
C Si CE S Mn Cr P Ni Cu Al Ti N
Heat 1 3.29 1.94 3.95 0.063 0.44 0.09 0.053 0.03 0.33 0.004 0.003 0.0062
Heat 2 3.66 2.00 4.35 0.044 0.38 0.09 0.055 0.03 0.35 0.001 0.003 0.0061
Heat 3 3.25 1.93 3.92 0.084 0.53 0.11 0.065 0.05 0.40 0.015 0.002 0.0095




 Microstructures of the four irons showed expected differences in flake length and 
ferrite-to-pearlite ratio based on the different compositions.  Higher CE promotes larger 
flake length, which will be favorable to machinability because the flakes act as pre-
existing cracks for the shear and fracture of chips.  Example microstructures of the skin 
layer in Figure 3.2 and body in Figure 3.3 provide representative microstructure 
differences in the test articles.  Differences in microstructure information are summarized 
in Tables 3.4 and 3.5.  The content of phosphorus was sufficient to promote formation of 
a hard, brittle phase called steadite that is a eutectic product of iron and phosphorus.  
Steadite is deleterious to machinability and cannot be removed by heat treatment.  Iron-
carbide is also a hard, brittle phase present in the microstructure and is often in the form 
of plates that reduce local contrast after etching with nital.  Carbides have a negative 
effect on machinability and are stabilized by a variety of elements sometimes found in 




(a)      (b) 
 
  
(c)      (d) 
Figure 3.2. Representative university test article skin microstructures.  Microstructures 





(a)      (b) 
 
  
(c)      (d) 
Figure 3.3. Representative university test article body microstructures.  Microstructures 
from (a) heat 1, (b) heat 2, (c) heat 3, and (d) heat 4 at a depth from the skin of 












Table 3.4. Flake graphite type and size classifications.  Type A is always the majority and 
other types are low in content. 
Depth Range (µm) Size Class Type
Heat 1 0 - 500 5 A
500 - 10000 4 A
Heat 2 0 - 500 5 A
500 - 10000 4 A + C
Heat 3 0 - 500 4 A + D/E
500 - 10000 4 A
Heat 4 0 - 500 4 A




Table 3.5. Matrix structure breakdown for university cast test articles. 
Depth Range (µm) Free Ferrite Pearlite Carbide/Steadite
Heat 1 0 - 3000 Low Majority Trace
3000 - 10000 Trace Majority Trace
Heat 2 0 - 1000 Moderate Majority Trace
1000 - 2000 Low Majority Trace
2000 - 10000 Trace Majority Trace
Heat 3 0 - 3000 Low Majority Trace
3000 - 10000 Trace Majority Trace
Heat 4 0 - 1000 Moderate Majority Low
1000 - 3000 Low Majority Trace




 As with the university test articles, the phosphorus and chromium contents are 
higher in the industrially produced test articles than in the brake disks, which can be seen 
in Table 3.6.  These phosphorous and chromium contents, combined with pearlite 
stabilizers such as copper, tin, and molybdenum create trace amounts of steadite in a 
pearlite matrix, as visible in the body microstructure of Figure 3.4.  Identification of 
steadite is more important in these castings than the Missouri S&T test articles because 
the steadite formed in place of free ferrite in the casting body.  An example SEM analysis 
of an area of steadite is provided in Figure 3.5, showing that steadite even contacts 
graphite flakes where free ferrite would normally be expected.  Within the casting body, 
between depths of one-half to seven millimeters, the matrix is all pearlite, the graphite is 
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type A and the small, white-etching portions are steadite.  All phases found in the SEM 
were recognized as pearlite, steadite, graphite, titanium-nitrides, or manganese-sulfide 
inclusions.  Analysis of images totaling approximately one square millimeter revealed no 




Table 3.6. Composition of industrially produced test articles and B-bars.  Values in 
weight percent.  Elements not listed are present in amounts of less than 0.01%. 
C Si CE S Mn Cr P Ni Cu Sn Mo Ti N





Figure 3.4. Body microstructure from an industrial test article containing a pearlitic 






Figure 3.5. Steadite was identified by EDS observation of high phosphorus content.  All 
white-etching phase areas, even those in contact with graphite, were identified as steadite. 
 
 
 The ferritizing anneal performed on some of the industrial test articles 
transformed enough pearlite so that free ferrite was the majority matrix constituent 
(>50%), as can be seen in Figure 3.6.  The overall composition of the casting is not 




Figure 3.6. Body microstructure of ferritized industrial cast iron.  Graphite type and size 
were unaffected by heat treatment, which changed most of the pearlite into ferrite.  The 





3.2. MECHANICAL PROPERTIES 
   Although some foundries predict machinability based on hardness or ultimate 
tensile strength (UTS), these are not considered reliable predictors because of the 
assortment of variables that can affect them.  For this work UTS, Brinell hardness, and 
Rockwell B hardness measurements verified the presence of age strengthening.  
Microhardness of free ferrite proved that age strengthening in cast iron occurs within the 
ferrite solid solution, which will be important when considering the combined influence 
of age strengthening and microstructure on machinability.   
 Table 3.7 summarizes the UTS results that provide evidence of age strengthening 
in the irons.  Mechanical property measurements are reported by experimental group and 
represent the average of eight to twenty pair-wise samples per group.  T-test statistical 
comparisons were made for each data set and when possible bars from the same mold 
were compared pair-wise.  Properties are not reported in some cases because they were 
not measured or measurements were considered unreasonable.  For the tensile bars 
accompanying the brake disks tested at Missouri S&T, the average UTS increased by 
14.3% and represents the largest amount of age strengthening ever reported for gray cast 
iron age strengthening.  The tensile bars associated with the ferritized industrial test 
article were also ferritized alongside the test article and the heat treatment restarted age 
strengthening by resolutionizing the nitrides. 
 
 
Table 3.7. Increases in ultimate tensile strength after age strengthening of tensile bar 
specimens. 
Castings Testing Unaged Avg (Mpa) Aged Avg (Mpa) % Increase T-test Pair T-test
Brake Disks In-plant 259 265 2.0 80 80
Brake Disks Missouri S&T 265 303 14.3 99.99 99.99
Mach. Test Articles Missouri S&T 220 226 2.8 93 87
Mach. Test Articles, Ferr. Missouri S&T 136 139 1.8 92 N/A




 No tensile bar specimens were cast to ensure that sufficient metal was available to 
pour two test articles in the Missouri S&T heats.  Brinell hardness measurements were 
used to verify age strengthening in the samples.  Table 3.8 summarize hardness results 
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and indicates that hardness increased after age strengthening and was less with higher 
CE, an expected trend.  
 
 
Table 3.8. Brinell hardness values and CE information for Missouri S&T cast test articles 
in the unaged condition and after 35 days of age strengthening. 
Heat CE Unaged Aged
1 3.95 X 227
2 4.35 177 194
3 3.92 225 231




 In addition to the UTS changes reported in Table 3.7 the ferritized test article’s 
hardness was shown to increase using Brinell hardness measurements, as shown in Table 
3.9.  Comparison of Brinell hardness for the pearlitic condition and the ferritized 
condition show the effectiveness of the heat treatment in transforming pearlite into 
ferrite, lowering hardness.  All measurements were made at the same diameter of the 
disk.  Additionally, Rockwell B hardness increased from a day zero average of 69 to a 
day 25 average of 72, an increase of 4.3 percent.  The Rockwell B values are in the same 
hardness range if converted to Brinell (72 RB is 130 Brinell) 
 
 
Table 3.9. Brinell hardness averages from a test article in three areas on the casting disk 
backside show the effect of transforming pearlite to ferrite and age strengthening 
ferritized castings.   
No Free ferrite Ferritized Ferritized
Fully Aged Day 0 Day 25
Area 1 217 136 139
Area 2 231 135 137




 A compacted graphite iron known to age strengthen was used instead of gray iron 
for free ferrite microhardness measurements.  The free ferrite in gray cast iron is difficult 
to take microhardness measurements of because of interference from graphite flakes 
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which can curve underneath the plane of polish.  Compacted graphite iron is closer in 
composition to gray iron than the other cast irons but contains some graphite nodules 
with free ferrite around them.  Measuring free ferrite around these nodules will show 
much less scatter than around graphite flakes.  The microhardness increase during age 
strengthening followed Avrami behavior as shown in Figure 3.7, an indication that the 
increase is a result of age strengthening.  The increase in free ferrite microhardness was 
anticipated based on the iron-nitrogen phase diagram of Figure 1.17a because the Fe4N 
























Figure 3.7. The age strengthening behavior of free ferrite microhardness shows Avrami 
kinetics behavior in cast iron.  The curve overlaps with observations of UTS and hardness 
during age strengthening of cast iron; therefore, the microhardness change is likely from 




3.3.1.  Brake Disks Set 1 (Plant A produced, in-plant tested).  An experiment 
conducted at an industrial site investigated the potential for improved tool wear rate when 
machining age strengthened castings.  Brake disks were produced and machined on-site, 
with aging time at room temperature as the variable affecting tool wear.  The tool faces 
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and flanks were examined for wear area and depth.  The results summarized in Figures 
3.8 through 3.10 indicate that age strengthening reduces tool wear significantly.  Even 
after machining 200 parts that have been age strengthened 10 days, tool wear was 
























Day 0: 50 castings
Day 10: 50 castings
Day 10: 200 castings
 
Figure 3.8. Depth of flank wear is often used as a measure of tool wear and 
machinability.  In this experiment, age strengthened brake disks performed notably better 






















Day 0: 50 castings
Day 10: 50 castings
Day 10: 200 castings
 
Figure 3.9. The area of the flank wear shows behavior similar to that of flank wear depth 
and shows the improved machinability of the age strengthened brake disks more 























Day 0: 50 castings
Day 10: 50 castings
Day 10: 200 castings
 
Figure 3.10. The area of wear on the tool faces revealed more scatter and less conclusive 
results than flank wear; however, the measurements still indicate that age strengthened 
brake disks can be expected to have improved machinability. 
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 Considering that tools similar to those used in this study cost about forty dollars 
each, increasing tool life can save a company considerably in tool expenses.112  A longer 
tool life can also result in less downtime for tool changes.  The tool wear results show 
that age strengthening in gray cast iron can be beneficial for industry by increasing metal 
removal rate without increasing the rate of tool wear.  Increasing the spindle speed for 
higher productivity will increase the tool wear rate which can be compensated by tool 
wear rate decreases due to age strengthening.  Therefore, the removal rate for age-
strengthened castings can be higher than for unaged castings without increasing the rate 
of tool wear.   
 SEM examination of day-zero and day-ten tools used for operation number six 
found iron (most likely ferrite) deposited onto the PCBN tools, a condition not detected 
by optical microscope studies.  Although boron was not a candidate for detection by 
EDS, the identification of nitrogen combined with a lower brightness distinguished boron 
nitride from iron, as demonstrated by comparison of Figures 3.11a and 3.11b.  The iron 
build-up was present on the flanks of both the tools, as shown in Figures 3.11b and 3.12.  




(a)      (b) 
Figure 3.11. Tool used on day zero to machine 50 brake disks at foundry A. (a) Boron 
nitride is distinguished from iron by EDS.  (b) Iron build-up on the tool flank.  A high 
nitrogen is still displayed because the interaction volume of the EDS includes some of the 
tool material beneath. 
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Figure 3.12. A tool used on day 10 to machine 50 brake disks at foundry A has iron 
build-up on the flank, but depth and area of flank wear are clearly smaller than on the tool 
used on day zero. 
 
 
 Although there was no clear difference in characteristics of the iron build-up 
within the region of flank wear, the flange tilt measurements provide clues as to how the 
build-up behaved during machining.  Tilt as described in Section 2.6.2 is the cross-
sectional taper of the brake disk flange and is undesirable.  Figure 3.13 shows that the tilt 
results are less severe and more consistent for age strengthened parts than unaged parts 
when machining 50 parts in each case.  As shown in Figure 3.14, the amount of tilt is 
reduced and more consistent for machining 200 age strengthened castings than 50 unaged 
parts because age strengthened castings showed less data scatter and required no tool 
position changes.  Iron build-up on the tools changes the tool geometry and thus the 
forces acting on the tool.  A change from a negative rake angle to a positive rake angle 
can, in particular, increase forces.  The higher tool forces are accompanied by an equal 
and opposite reaction that increases the forces exerted on the flange, resulting in flange 
distortion.  More cycles of build-up and break-off of adhering iron could have made the 



















50 Castings on Day 0
50 Castings on Day 10
 
Figure 3.13. Comparison of flange tilt for an equivalent number of unaged and age 
strengthened brake disks machined.  The unaged data shows scatter that may be caused 
by erratic build-up and break-off of adhering iron.  Arrows indicate tool position 
corrections (offsets) required to reduce tilt.  Foundry practice was to reject castings with a 


















50 Castings on Day 0
200 Castings on Day 10
 
Figure 3.14. Comparison of flange tilt for brake disk castings, with age strengthening as 
the variable parameter.  Arrows indicate tool position corrections (offsets) required to 
reduce tilt. 
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 The appearance of wear, if it were on WC-Co tools, would be evidence of 
diffusion wear.  Trent113-115 provides various examples of diffusion wear, as do Cho and 
Komvopoulos.24  Diffusion of atoms is temperature dependent because diffusivity 
increases with increasing temperature.  Thus, a lower tool temperature will reduce the 
diffusion tool wear mechanism.  Adherence of iron to tool flanks is evidence of an active 
adhesion wear mechanism.  An increased chip break-off rate in age-strengthened iron 
could reduce the tendency of iron to build up on tools, as suggested by the flange tilt data.  
Considering the tilt results and the large decrease in tool wear observed when machining 
age strengthened brake disks, age strengthening could have reduced both the diffusion 
and adhesion wear mechanisms on the PCBN tools. 
 Tool life is sometimes calculated using the Taylor equation: 
 
nSTC =             (5) 
 
where C and n are constants, and S is spindle speed.  This equation and its modifications 
do not however account for time-dependent machinability variables such as age 
strengthening.  The following equation was developed to express mathematically the 
effect of age strengthening on tool life: 
 
  




















       (6) 
 
where the variables from the Taylor equation have the same meanings and t is aging time, 
in hours, at room temperature.  Essentially, equation 6 is a rearrangement of equation 5 
multiplied by a linear equation that has volume fraction of precipitates as the independent 
variable.  The equation provides tool life values for an age strengthening gray iron as a 
function of cutting speed and of the aging time at room temperature.  The equation was 
developed using kinetic data from class 30 and 35 irons and applied the Johnson-Mehl-
Avrami equations (see equations 3 and 4).  The slope of the linear function in equation 6 
(2.78 X 1012) was determined based on brake disk tool wear data from foundry A.  
Appendix B presents the derivation of the equation.  Equation 6 can be easily modified 
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for age strengthening at temperatures other than room temperature.  The constants C and 
n are experimentally determined but cannot be determined with the tool wear data that 
was obtained in this dissertation.  The variables S and t are independent variables; 
therefore, tool life could be calculated at different spindle speeds and times of age 
strengthening, but for the presented equation, all other variables that could affect 
machinability must be held constant. 
3.3.2. Brake Disks Set 2 (Plant A produced, Missouri S&T tested).  As shown 
in Figures 3.15-17, castings age strengthened for 50 days showed distinctly lower tool 
force values than did unaged disks.  The lower forces indicate easier formation and 
removal of chips and lower tool wear rates.  The first cut showed a greater decrease in 
normal forces than the following seven cuts.  This finding was considered together with 
the microstructure differences between casting skin and body.  It is possible that the 
increased forces were a result of the relatively small graphite flakes.  The graphite flakes 
act as sites for the start of crack growth and chip break off events; therefore, with shorter 
graphite flakes chips are more difficult to form and remove.  Support of this was found 
by Peach when comparing tool forces to graphite flake length.14  The free ferrite in the 
casting skin layer comprised about one quarter of the first cut, whereas free ferrite is 
present in trace amounts for the remaining seven cuts.  Nitride precipitation is believed to 
occur in the ferrite; therefore, cuts removing a relatively high amount of free ferrite 































Figure 3.15. Normal force averages from machining brake disk castings show improved 
machinability throughout the tested material after age strengthening.  Lower normal 
forces are associated with lower power consumption when machining.  The skin affect on 
tool forces is evident in the first two cuts whereas after the third cut force increases are 





























Figure 3.16. Averages of feed force data show less resistance of tool travel in the feed 
direction after age strengthening.  Individually these forces are not reliable to tell about 
the condition of the tool, although the forces do decrease one the skin region is removed 






























Figure 3.17. Average passive force data show lower force values during machining of age 
strengthened castings.  Passive tool force is not considered to provide any machinability 
information on its own but can be used in force ratios. 
 
 
 Tool force ratios are sometimes used in industry for monitoring of tool condition 
and geometry changes.  To explore connections between tool forces and tool wear several 
force ratios were calculated from the brake disk data.  Five force ratios were explored 
with none of the ratios agreeing with the behavior observed in experimental tool wear 
observations.  The ratio of passive force to normal force indicated that the tool wear rate 
would be higher in the age strengthened iron because the ratio increased at a higher rate 
in age strengthened castings as illustrated in Figure 3.18.  Contrary to this indication, the 
conclusion from the results in Figures 1.12, 1.13, and 3.8-3.14 is that machining age 
strengthened castings improves tool life.  The contradiction in theory and result is likely 

































Figure 3.18. Passive-to-normal force ratios from eight facing cuts on brake disk flanges.  
The age strengthened ratio increases faster than the unaged ratio, which indicates higher 




 Comparing the force ratios of feed-to-normal and passive-to-feed with the age 
strengthening data by cut also showed no clear agreement with tool wear results.  Two 
more complex ratios successfully used by Ezugwu et al.116 and Lee et al.,36 are described 



















=            (8) 
 
where Ff is the feed force, Fp is the passive force, and Fn is the normal force.  When brake 
disk tool force data was evaluated with these ratios the results behaved similar to the 
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passive-to-normal ratio data plotted in Figure 3.18, thus also disagreeing with tool wear 
results from the literature and experimental work. 
 Although some researchers determined that force ratios are successful indicators 
of tool wear, their work in ferrous materials has been limited to alloy steels such as 4340 
and 4130.  Only in the work of Smithey et al. has a force ratio been successfully applied 
in cast iron.35  The 80-55-06 ductile iron they used has the highest pearlite content 
typically achieved in the as-cast condition and, as such, possesses mechanical properties 
closer to steel than to gray cast iron.  A plausible explanation for the failure of the force 
ratios to predict tool wear is that the presence of build-up on the tool skews the data.  If 
unaged iron has a greater tendency to adhere to tool faces, then chip flow over build-up 
could produce a thrust force that pulls the tool towards the workpiece, thus reducing the 
passive tool force despite increasing tool wear. 
 The power consumption during turning can be estimated by equation 1: 
 
VFP n=      (1) 
 
where P is power at the spindle, Fn is tool normal force, and V is linear cutting speed.  
Assuming that all the work is converted into heat, equation 1 also represents the heat 
generation rate during turning.  Thus, with a constant cutting speed for machining of 
unaged and age-strengthened samples, a decrease in tool forces decreases the heat 
generated.  If tool and machining variables are kept constant, a lower temperature 
provides a longer tool life. 
 Equation 1 disregards energy expended by the lathe carriage motors in the feed 
direction, although much of this energy may go into recoverable elastic deformation 
rather than be converted into heat.  In any case, less heat is generated since both normal 
and feed forces are decreased. 
3.3.3. Machinability Test Articles.  The machinability of test articles produced 
in the university laboratory was evaluated by tool forces in the unaged condition and after 
35 days of age strengthening.  Testing of iron from four heats showed that, when 
machining age strengthened castings, tool forces were significantly lower than those 
observed when machining unaged castings (see Figures 3.19-22).  This distinction was 
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observed in all cases, despite variations in microstructure and chemistry among the four 
heats.  Carbon equivalents ranged from 3.92 to 4.35, with heat 2 being hypereutectic.  
Free ferrite of the casting bodies is at trace levels once the skin has been removed which 
































Heat 1 Day 0
Heat 1 Day 35
 
Figure 3.19. Normal tool force is lower across six constant-parameter facing cuts when 
machining an age strengthened casting than when machining an unaged casting made 


































Heat 2 Day 0
Heat 2 Day 35
 
Figure 3.20. Tool force is lower when machining an age strengthened casting than when 































Heat 3 Day 0
Heat 3 Day 35
Apparent Outlier
 
Figure 3.21. Normal tool force is lower when machining an age strengthened casting than 
when machining an unaged casting.  Normal forces are an indicator of power 
consumption during machining.  Power failure caused loss of data for cuts five and six on 






























Heat 4 Day 0
Heat 4 Day 35
 
Figure 3.22. Tool force is lower across six constant-parameter facing cuts when 
machining the age strengthened casting than when machining the unaged casting.  
Normal forces are an indicator of power consumption during machining. 
 
 
 Figure 3.23 clarifies the relationship between the changes in part hardness and the 
change in tool forces caused by age strengthening.  A higher carbon equivalent results in 
lower hardness, a well-known relationship in gray irons.  Additionally, the higher the 
initial Brinell hardness measured in the unaged condition, the smaller the increase in 
hardness after age strengthening, which suggests that the effect of age strengthening is 
reduced in harder irons.  Indeed, the equilibrium Fe4N content, presented in Table 3.10, 
shows that heat 3 should have the highest Fe4N content and resulted in the lowest change 
in hardness and the second lowest change in forces after age strengthening.  The Fe4N 
content of heat 3 is notably higher than that of the other heats even though hardness and 
normal tool force of the iron were least affected by age strengthening.  Additionally, the 
iron with the lowest estimated Fe4N content, heat 2, showed the largest change in both 
hardness and tool forces.  Because the Fe4N content does not directly correlate with 
changes in hardness and forces indicates that other factors influence the effects of age 
strengthening on gray cast irons.  Based on the greater difference between unaged and 
age strengthened tool forces in the first cut than in the other cuts in brake disks from 
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foundry A the unidentified factors influencing the effect of age strengthening on gray 



































Figure 3.23. Relationship between change in hardness and change in tool normal forces 
during six consecutive cuts of test articles cast at Missouri S&T.  Force values are from 
the third cut in the body material of each casting. 
 
 
Table 3.10. Estimated equilibrium Fe4N content by Gibb’s Free Energy minimization 
calculations and comparison of the contents to change in hardness and normal forces after 
age strengthening.  Change in forces determined using the data in Figure 3.23. 
Heat Fe4N wt% Brinell Change Force Change (N)
1 7.9 X 10-2 X -54
2 7.1 X 10-2 17 -53
3 1.4 X 10-1 6 -24
4 7.3 X 10-2 14 -15




 The flank wear on tools was insufficient for repeatable, accurate measurements 
with an optical microscope.  Rather, tools from the constant-parameter body cutting of 
castings from heat 2 were examined in an SEM.  Although there were no significant tool 
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wear differences (see Figure 3.24), such lack of differences is not unexpected because of 
the small volume of metal removed by each tool.  In addition, the progression of tool 
wear is not constant, and the cycle of build-up formation and breakaway is irregular.  
Images of build-up that are made after machining are static measurements of a formally 
dynamic, erratic system.  Thus, the comparison of these tools does not disprove that age 




(a)      (b) 
Figure 3.24. Tungsten-carbide tool flanks after six consecutive, constant-parameter facing 
cuts on heat 2 test articles cast at Missouri S&T in the: (a) unaged condition and (b) after 
age strengthening for 35 days. 
 
 
 Crater formation was the prominent wear characteristic of the tool used for five 
consecutive constant-parameter cuts on the age strengthened casting of heat 1 (see Figure 
3.25).  Comparison of both pictures in Figure 3.26 shows that there is much less adhering 
iron on the tool with the crater.  For reference, the iron build-up on the tool that machined 
the unaged casting is identified by EDS in Figure 3.27.  Because the tool in Figure 3.25b 
and 3.27b exhibited crater formation, a diffusion mechanism was active.  This tool is an 
outlier because all other tools appeared to wear by the attrition mechanism rather than by 
diffusion.  Nonetheless, this finding is of interest for future research because it means that 
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an age strengthened casting can have a different dominant tool wear mechanism than an 




(a)      (b) 
Figure 3.25. Optical images of tool faces from body machining of heat 1 castings. The 
images show: (a) significant adhesion of iron and no crater on a tool machining the 
unaged casting and (b) a crater with little adhesion of iron on the tool used to machine the 
test article age strengthened for 35 days.  The differences in tool wear characteristics may 




(a)      (b) 
Figure 3.26. SEM images of tungsten-carbide tool flanks after six constant-parameter 
facing cuts on heat 1 test articles.  The images show: (a) unaged test article from heat 1 
with much adhered iron and (b) age strengthened test article from heat 1 with little 
adhered iron. 
~ 0.05 in. 
~ 0.05 in. 
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Figure 3.27. Adhering iron is identified by EDS on the flank of a tool that performed six 
consecutive, constant-parameter facing cuts on the unaged casting from heat 1.  Micron 
bar is 300 µm. 
 
 
 The industrially produced test articles displayed machinability behavior different 
than that encountered in castings from foundry A and Missouri S&T.  The difference in 
this case was that the age strengthened castings had lower machinability than the unaged.  
The decreased machinability as a result of age strengthening in cast iron had not 
previously been reported, although some anecdotal information suggested the possibility.  
Based on the experiments described here, the difference between an improvement in the 
machinability of iron or diminished machinability after age strengthening is likely a 
microstructure difference.  The complete experiment was repeated three times to confirm 
the results.  Only data from the experiment with the greatest differences in unaged and 
age strengthened UTS and tool force values is presented here; however, the other 
experiments provided similar results.  The three measured tool force components were all 
higher when machining age strengthened castings, as can be seen in Figures 3.28-30.  
The higher forces indicate greater power consumption by the CNC lathe during 
machining and more difficult chip formation relative to the unaged castings.  The normal 
force results, shown in Figure 3.28, are related to the microstructure as well as to age 
strengthening.  Forces were higher during the second cut because of a higher 
concentration of the hard steadite phase.  The first cut was also through material 
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relatively high in steadite, but there was also a layer of free ferrite at the surface that 






























Figure 3.28. The average normal forces for age strengthened test articles was higher than 
for unaged test articles.  The effect of the relatively high steadite/carbide content in the 































Figure 3.29. Tools encountered greater resistance to movement in the feed direction in 
the age strengthened condition, as indicated by feed forces.  The day 30 data is 
representative of only two disks because of problems encountered with the tool force 





























Aged data not a normal distribution
 
Figure 3.30. Passive forces were also higher while machining age strengthened castings 
and distinctly increased with each consecutive cut.  The microstructure differences from 
cut to cut, especially in the first two cuts, did not have as much of a visible effect on the 
forces as tool wear.  An evaluation of all data for the second cut with age strengthened 




 The passive-to-normal force ratio was also calculated, and the results suggest that 
the ratio could be useful for tool wear monitoring when the matrix has no free ferrite.  
The ratio indicates a higher wear rate in the age strengthened condition, as shown in 
Figure 3.31.  This result is different because, unlike the brake disks, qualitative 
observations showed less build-up on the tool faces in both unaged and age strengthened 
































Figure 3.31. For the industrial test articles, the passive-to-normal force ratio follows the 
behavior of the individual forces.  Such observations suggest a higher tool wear rate 
when machining the age strengthened test articles.  The other ratios described in Section 
3.3.2 were not meaningful when graphed. 
 
 
 SEM images show some build-up on a tool used on an unaged disk and on a tool 
used on an age strengthened disk, as shown in Figure 3.32.  Although iron did adhere to 
these tools, it did not do so in the amount seen on tools used when machining laboratory-
cast test articles.  This observation would be anticipated because there was no relatively 
soft free ferrite in the body of the casting microstructure.  The age strengthened tool in 
Figures 3.32b and 3.33b had a greater depth of flank wear, an observation that agrees 
with the tool force data.  When considering Figures 3.32 or 3.33 it is important to 
remember that the tungsten-carbide tools used here are not the same design as tools used 
on the university-produced test articles.  The tools that machined the industrial castings 
had the addition of a chipbreaker and a three-layer coating applied by chemical vapor 
deposition (CVD).  The coatings were identified, from outermost to innermost as 





(a)      (b) 
Figure 3.32. Coated tungsten-carbide tools that performed five constant parameter facing 
cuts on test article castings.  The light gray material on the flank of the tools was 
identified as iron build-up by EDS on (a) the tool used on unaged casting and (b) the tool 
used on casting age strengthened 30 days.  The darker gray, black, and white areas 




(a)      (b) 
Figure 3.33. Tools from machining foundry B test articles.  A visual comparison of the 
tools shows: (a) a tool used for machining an unaged test article and (b) a tool used for 
machining an age strengthened test article shows slight build-up present on both tools and 
a larger flank wear on the tool in (b).  The slightly higher flank wear agrees with tool 
force observations. 
 90 
 The increase in tool forces, passive-to-normal force ratio, and tool flank wear 
when machining age strengthened test articles consistently showed that the industrially 
produced castings decreased in machinability after age strengthening.  The only apparent 
difference identified among the irons in the experiments is the absence of free ferrite in 
the body regions of the industrial test articles. 
 To test the conclusion that the decreased machinability of the industrially 
produced test articles after age strengthening was connected to a lack of free ferrite in the 
castings, a ferritizing anneal was performed on a test article.  The heat treatment restarts 
the age strengthening process and because the steadite phase is stable at the temperature 
of the heat treatment, the introduction of free ferrite into the casting is the independent 
variable.  Table 3.11 shows that the 1-Hz tool force system detected decreased tool forces 
as a result of age strengthening in a ferritic test article.  That the ferritized test article did 
not have higher tool forces after age strengthening, when using the same tool force 
system, was the first indicator that the ferritizing experiment was successful. 
 
 
Table 3.11. Average force data was lower for machining of age-strengthened castings 
with significant free ferrite in the casting body.  Two facing cuts in both the unaged and 
age strengthened conditions, each with several hundred data points, were used to 
determine the average force values. 
Iron Condition Average Normal Forces (N)
Resol. / Unaged 204




 In an attempt to gain additional details of how age strengthening changes the 
machinability of gray iron, a tool force system built at the university with data collection 
at 20kHz was also used for facing cuts on the ferritized test article.  Results presented in 
Figure 3.34 clearly indicate lower forces when machining age strengthened iron at the 
three cutting speeds tested.  Thus, tool force data from both the 1-Hz and 20-kHz tool 
force systems indicate easier chip formation and removal after age strengthening of the 
ferritized test article.  Also of interest is a trend, shown if Figure 3.34, that the difference 
in tool forces between the unaged and age strengthened conditions increases with 
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increasing cutting speed.  An explanation for this has not been developed but is of future 
interest because industrial speeds are higher than those used in this dissertation so 































Figure 3.34. Normal forces of the ferritized and age strengthened test article were lower 
at three different speeds when performing a facing cut with the high frequency tool force 
system.  As the machining speed increased, so did the difference in the day zero and day 
21 force averages. 
 
 
 The tool force data in Table 3.11 and Figure 3.34 both show that the age 
strengthened heat-treated iron required lower forces than did the unaged iron.  This result 
is the opposite of that observed when machining the same test article when no free ferrite 
was in its body microstructure.  The tool force frequency histogram in Figure 3.35 shows 
normal distributions of data for both the heat-treated and age strengthened heat-treated 




(a)     (b) 
Figure 3.35. Force histograms for machining a ferritized test article cast at foundry B.  
Comparison of normal force distributions shows that, although there is some overlap in 
unaged and age strengthened forces, less force was required for the machining the iron 
after age strengthening for: (a) 50 sfpm and (b) 275 sfpm. 
 
 
 From the high frequency force data it was revealed that cracks form along chips 
more often in the age strengthened iron, as presented in Figure 3.36.  The closer the 
micro-cracks are together on the chip, the higher the crack formation rate must be.  A 
higher crack formation rate in the age strengthened iron containing free ferrite may 
indicate lower fracture toughness because cracks propagate easier.  As with difference in 
tool forces, the difference between cracks in unaged and age strengthened iron increases 





































Figure 3.36. Distance between crack propagations at the microstructure level when 
making a facing cut on a ferritized test article.  The crack occurrences are estimated from 
high-frequency tool force data.  Closer cracks in chips from age strengthened iron means 
that the cracks occur more often and indicates lower fracture toughness. 
 
 
 The high-speed video was played back and chip break off events counted using a 
push-button tally counter.  At both the 100 and 275 sfpm speeds the chip break-off rate is 
higher when machining age strengthened iron, as presented in Table 3.12.  Results from 
the 50 sfpm speed were discarded because the air flow when machining the age 
strengthened iron was insufficient, thus allowing chips to pile up and block the camera’s 
view of the tool tip.  A higher chip break off count in the age strengthened iron is 
evidence of easier chip formation and indicates a lower fracture toughness of the age 
strengthened material.  Qualitative observations of video showed no discernable 
difference in chip/tool contact length.  Quantitative analysis of chip/tool contact was not 
readily possible because the differences in focus and camera angle were unknown.  In 





Table 3.12. Average chip break-off rate from high-speed video taken during facing cuts 
on a ferritized, industrially produced test article. 
Cutting Speed (sfpm) Unaged (chips/second) Age strengthened (chips/second) 
100 46 63 
275 190 205 
 
 
 Various experimental results provide evidence for a connection between 
microstructure and the influence of age strengthening on machinability.  Improvements in 
machinability were obtained by age strengthening gray cast irons containing at least a 
trace amount of free ferrite.  Fully pearlitic gray cast iron, containing essentially no free 
ferrite, showed decreased machinability after age strengthening.  Lower tool forces and 
more micro-level fracture events during chip formation in the age strengthened irons 
containing free ferrite indicate energy for fracture is lower in age strengthened irons.  
Taking into consideration a relationship between matrix structure and chip formation, 
Cook et al. showed that chips from machining iron with free ferrite exhibited plastic 
deformation.12  Marwanga, on the other hand, observed no plastic deformation in chips 
made when machining a fully pearlitic gray iron.13  Therefore, chip formation in gray cast 
iron is highly dependent on the matrix. 
 
3.4. IMPACT ENERGY 
 Impact testing was performed in an attempt to confirm the importance of free-
ferrite in the combined microstructure and age strengthening effect on the machinability 
of gray cast iron.  Table 3.13 shows that after age strengthening Charpy specimens of 
gray iron containing free ferrite had decreased impact energy and specimens without free 
ferrite had increased impact energy.  The observation of different impact energies after 
age strengthening is significant because the presence of free ferrite, being the tested 
variable, proved to be the deciding factor in both the tool force and impact energy 
behaviors.  A connection between impact energy and machinability in gray cast iron is 




Table 3.13. Average impact energy for gray iron cut from test articles cast at foundry B. 
Unaged Avg. (J) Aged Avg. (J) T-test (%)
No Free Ferrite 9.2 9.7 90




 The conclusion drawn from experimental results is that increased machinability 
observed in age strengthened castings is the result of decreased energy absorption and 
heat generation during chip formation.  An age strengthened iron with free ferrite shows 
less deformation before shear fracture than is achievable when the iron is unaged.  Thus, 
the iron absorbs less energy in the age strengthened condition because the increase in 
compressive/shear strength does not offset the decrease in maximum strain to fracture 
during chip formation.  Figure 3.37 compares the lower energy absorption in age 




     (a)               (b) 
Figure 3.37. Model of the compressive stress/strain behavior for gray iron containing free 
ferrite.  (a) The stress/strain relationship is qualitatively presented for unaged and age 
strengthened iron.  (b) The areas under the curves show effects of age strengthening on 
fracture toughness. The age strengthened curve represents a lower energy of fracture.  For 
visual clarity, this figure exaggerates the level of strain. 
 
 
 Age strengthening in fully pearlitic iron with no free ferrite is believed to increase 
impact toughness under compressive/shear loading.  The unaged iron possesses little 
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ability to plastically deform and its fracture has elastic behavior; therefore, age 
strengthening increases strength but does not significantly decrease the strain to fracture.  
Figure 3.38 illustrates how an iron with a pearlitic matrix that contains essentially no free 





     (a)               (b) 
Figure 3.38. Model of the compressive stress / strain behavior for gray iron without free 
ferrite in the matrix.  (a) The stress/strain relationship is qualitatively presented for 
unaged and age strengthened iron.  (b) The areas under the curves show effects of age 
strengthening on fracture toughness.   Compared to Figure 3.37, the age strengthened iron 
has greater fracture toughness instead of the unaged iron.  For visual clarity, this figure 




 This work has shown that age strengthening in iron with free ferrite reduces 
impact toughness, thus increasing the rate at which micro-cracks occur in chips.  Easier 
fracture of chips reduces the pressure applied by the chips to the tool, a result observable 
in tool forces.  The lower toughness also reduces chip-tool contact time, as seen in high-
speed camera video.  Shorter contact time reduces the amount of heat conducted from the 
chips to the tool.  Additionally, less heat is generated during chip contact because a lower 
force corresponds with lower heat generation from friction.  The reduced temperature of 
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the tool decreases the wear rate because the tool is stronger at a lower temperature and 
less energy is available for diffusion.  Operating at lower machining temperatures could 
also reduce the severity of cyclic thermal loading on tools, thus reducing crack growth in 
the coatings.  Table 3.14 provides the summary of experiments presented in this work and 
the lessons learned from each.  A summary of publications produced during the research 
for this dissertation can be found in Appendix C. 
 
 
Table 3.14. Summary of experiments and conclusions, organized by foundry. 
Foundry Iron / 
Casting 
Machinability Effect Ferrite Conclusion(s) 




reduced tool wear and 
tool forces 
Low Age strengthening 
concurrently reduces tool 
forces and tool wear 




reduced tool forces by 




Microstructure is important 
for how age strengthening 
affects machinability 




increased tool forces 
None Gray iron machinability can 
be reduced by age 
strengthening: free ferrite 
may be determining factor 




reduced tool forces 
Majority Gray iron requires at least 
trace free ferrite for age 
strengthening to improve 
machinability 
D CGI N/A Majority Free ferrite age 
strengthening behavior 





 The conclusions drawn from the work in this dissertation include: 
1. Age strengthening of gray cast iron can dramatically affect the machinability. 
a. Castings with at least trace free ferrite throughout the region being 
machined can be expected to increase in machinability. 
b. Castings without free ferrite, other than the skin free ferrite at significantly 
less than finish stock depth, can be expected to decrease in machinability. 
2. Changes in machinability as the result of age strengthening are the result of 
changes in the impact toughness of the material.  Decreased fracture toughness 
provides improvements to machinability because the lower energy requirement 
during machining reduces tool temperature. 
3. Productivity and cost effectiveness in the cast iron industry could be increased by 
machining age strengthened irons and simultaneously increasing machining speed 
of the age strengthened irons. 
4. Age strengthening in cast iron occurs at room temperature.  The age strengthening 
occurs with the ferrite phase and, practically speaking, reaches completion within 
12 to 15 days. 
 
 It is recommended that future research address the following issues: 
1. Tool temperature measurements:  There are several methods of measuring tool 
temperature that have potential for use when machining ferrous materials. 
However, significant sources of error and uncertainty exist in each method.  
Stephenson and Ali have successfully performed tool-work thermocouple and 
infrared measurements in gray cast iron.117  Abukhshim et al. have reviewed 
literature on the development of the methods and discuss error sources.118  Those 
methods reasonable for the recommended future work are:  
a. Tool-work thermocouple                       
The contact between tool and workpiece makes a hot junction, and the tool 
serves as the cold junction.  This method provides only an average 
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temperature for the whole tool and produces incorrect results if there is 
build-up on the tool. 
b. Thermocouple(s) embedded in tool                   
Holes are drilled in the tool and thermocouples inserted to provide a basic 
idea of temperature distribution.  The thermocouples theoretically alter the 
heat flow, which introduces systematic experimental error.  
Thermocouple-tool contacts are difficult or impossible to inspect, leaving 
possible air gaps.  Drilling holes reduces the strength and impact 
resistance of the tool. 
c. Infrared radiation                             
This technique is non contact, so the tool remains unaffected when 
measurements are made.  Thermal gradients are detectable, and 
measurements can be made at high frequencies.  Chips can obstruct the 
chip-tool contact area.  Emissivity values are important and can vary with 
temperature and oxidation.  Muller and Renz developed a pyrometer for 
use when emissivity is unknown and demonstrated its use in turning of 
AISI 1045.119 
2. Applicability of equation 6 for gray cast iron should be established.  The 
necessary experimental work could be conducted to determine constants for 
various classes of iron.  Variations of the Taylor equation also exist and could be 
considered in place of the original. 
3. Quantification and understanding of how the spindle speed can increase the 
effectiveness of age strengthening to improve machinability. 
4. Effect of overaging of iron on machinability.  This will be of interest to industry 
only if it applies accelerated age strengthening because room temperature age 
strengthening has not been observed to overage castings. 
5. Effect of age strengthening on irons (probably ferritic) on the wear mechanism of 
the tool machining them.  A potential effect was observed when machining test 
articles cast at Missouri S&T, where the wear mechanism may have changed from 
being dominated by attrition to diffusion. 
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6. Identification and characterization of precipitates in gray cast iron.  Feasibility of 
lattice parameter measurements during the precipitation process should be 
considered.  Details of the interaction of precipitates with dislocations are also of 
interest. 
7. Interaction of alloying elements such as manganese, silicon, and chromium with 
the rate and magnitude of age strengthening: 
8. Manganese and nitrogen may undergo interaction solid solution strengthening, 
perhaps delaying in the onset of age strengthening. 
9. Other elements have been determined by researchers to display interaction solid 
solution strengthening with nitrogen and carbon in steels.89,120,121  The elements 
typically found in cast irons are silicon and chromium. 
10. Results in malleable iron suggest that silicon reduces the magnitude of age 
strengthening.53  This reduction may be due to the formation of nitrides 
containing silicon; more likely, silicon solid solution strengthening decreases the 




































 Table A.1. provides a listing of the materials used for each cast iron heat in the 




Table A.1. Material weight targets for melting laboratory gray cast iron used in test 
article castings.  Appendix one shows the actual weights used. 
Alloy Heat 1 Heat 2 Heat 3 Heat 4 
Low-Sulfur Graphite 1.4 kg 1.4 kg 1.2 kg 1.4 kg 
Foundry-Grade Ferrosilicon 1.0 kg 1.0 kg 0.7 kg 1.0 kg 
Iron-Phosphorus 56 g 56 g 56 g 56 g 
Low-Carbon Ferrochromium 40 g 40 g 40 g 40 g 
Copper 133 g 135 g 131.5 g 133 g 
Ferro-Sulfur 56 g 56 g 56 g 56 g 
Superseed 75 Inoculant 100 g 100 g 100 g 100 g 
1020 steel Punchings 0.8 kg 0.9 kg 599 g 0.68 kg 
Nitrided Ferromanganese 230 g 230 g 220 g 250 g 



































 The following is the derivation of an amendment to Frederick Taylor’s original 
tool life equation.  Although there are several alterations of the tool life equation, only the 
original is presented for the sake of simplicity.  After the general form of the amendment 
is presented an example for the aging effect on tool life in class 30 and 35 irons is 
presented and the tool wear data from the in-plant study with foundry A applied. 
 Adding a term to Taylor’s tool life equation to model the effect of age 
strengthening on tool life required the use of the modified Johnson-Mehl-Avrami 
equation.  The derivation of this equation was published by Avrami, who references both 
Johnson and Mehl.122-124  The modification was later made by Khanna and Taylor with 
the resultant equation commonly applied in materials science.125  
 
 The original equation developed by Taylor is  
 
CST n =        (B1) 
 
where: S is cutting speed, T is tool life, and C and n are a constants.  Rearranging 
Taylor’s original equation can be rearranged to show that tool life is the intended 












= .       (B2) 
 













=       (B3) 
 
where A  is a function of precipitate volume fraction so that tool life is dependent on age 
strengthening and takes on Avrami behavior.  The multiplier for the age strengthening 
effect was assumed to behave linearly.  This assumption is reasonable so long as data 
used to find the slope is from unaged and age strengthened conditions, and not a partially 
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age strengthened condition.  The cutting speed and constants from the Taylor equation 
are simplified to be represented by the term W, yielding 
 
( )( )bmxWT += .      (B4) 
 
 The y-intercept, b, is set to a value of one because there is no precipitation in the 
unaged condition (i.e., x = 0), and the tool life is controlled only by the non-amended 
Talyor equation.  The slope is the ratio of the tool life change to the change in precipitate 





















          (B5) 
 
where in this equation, VU is the unaged volume fraction of precipitates, VA is the age 
strengthened volume fraction of precipitates, and V is any volume fraction of precipitates 
between VU and VA.  M represents a factor for tool life increase as a result of age 
strengthening.  For example, if tool life triples in the fully age strengthened condition, 
then MA equals three.  MA can also be defined as the age strengthened tool life divided by 
the unaged tool life.  MU can similarly be defined as the unaged tool life divided by 
unaged tool life, which equals one. 
 Substituting the Avrami equation for the precipitate volume fraction, V, and 
adding the unaged values in the slope, the following equation is obtained, thus 
completing the general form of the equation:  
 
( )




































CT        (B6) 
 
where as in the Avrami equation, t is the aging time, k is a rate constant, and p is a 
constant known as the time exponent.  The volume fraction of precipitates is theoretical, 
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but based on results from experimentation.  Unaged tool life and age strengthened tool 
life should be experimentally measured to determine a value for MA. 
   For room temperature aging of class 30 and 35 gray irons the kinetics 
information presented by Anish may be used.82  Based on this information, k0 is equal to 
1.74 hr-1, and assuming NIST’s standard for room temperature (293.15 K), k equals 2.43 
X 10-6.  Also from Anish’s information, a value of 3.7 is used for the time exponent.  








































.   (B7) 
 
 A more complete example can be establish by using results from in-plant 
machining of foundry A brake disks.  In this case, MA will be greater than four on day 10.   
Since it is not known how much greater; however, a value of four is used.  The term MU 
is still equal to one because it represents no change in tool life in the unaged condition.  
Using the Avrami equation and values previously provided, VA after 240 hours is 1.08 X 
10-12.  With these values equation B7 becomes 
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.     (B8) 
 
 This equation can be simplified into the final form of the equation that applies to 
the iron used in the brake disk studies: 
 
( )



















.  (B9) 
 
 The constants C and n are experimentally determined and cannot be found with 
the tool wear data obtained for this dissertation because cutting speed was constant.  The 
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variables S and t are independent variables for this equation; therefore, tool life can be 
calculated at various spindle speeds and aging times.  All else that could affect 
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